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The  addition  of  elements  including  tin  has  been  found 
to  improve  the  properties  of  alumina-supported  platinum 
reforming  catalysts  and  has  been  widely  used  in 
hydrocarbon  refining.  However,  the  nature  of  the  tin  and 
how  it  affects  the  properties  of  these  catalysts  are  not 
completely  understood.  Ultrahigh  vacuum  characterization 
techniques  have  been  used  to  examine  surfaces  containing 
tin  and  both  platinum  and  tin  in  an  effort  to  understand 
the  interaction  between  the  Pt  and  Sn  and  how  it  affects 
the  chemisorption  properties  of  the  surface. 

An  oxidation  state  of  tin  which  does  not  correspond 
to  either  SnO  or  Sn02  has  been  identified  after  low 
pressure  oxygen  exposure  on  a polycry stalline  Sn  foil. 

This  oxide  resides  below  the  outermost  surface  layer  and 
the  oxidation  state  appears  to  decrease  with  increasing 
depth . 


Surface  enrichment  of  Sn  and  Pt^Sn  alloys  is  strongly 
influenced  by  temperature,  the  presence  of  oxygen  and 
grain  boundary  diffusion.  Diffusion  kinetics  studies 
reveal  an  initial  Sn  enrichment  near  the  grain  boundaries 
followed  by  the  formation  of  a Sn  rich  layer  over  the 
entire  surface.  Oxygen  enhances  Sn  surface  enrichment 
and  its  uptake  is  a strong  function  of  sample  temperature. 
Two  states  of  oxygen  corresponding  to  an  absorbed  species 
and  an  oxide  are  present  on  the  alloy.  An  electronic 
interaction  between  the  Pt  and  Sn  significantly  hinders 
oxygen  adsorption  as  compared  to  Sn  metal. 

Characterization  of  Pt-Sn/Al202  surfaces  reveals 
several  states  of  Pt  including  Pt-O-Sn  and  Pt 
crystallites.  Reduction  converts  Pt  oxides  to 
predominantly  Pt  metal.  Very  little  change  is  observed  in 
the  nature  of  the  tin  oxide  after  this  treatment.  Both 
the  oxidized  and  reduced  surface  contain  CO  and  H2O  after 
air  exposure.  These  species  desorb  simultaneously  but  at 
a higher  temperature  and  in  significantly  larger  amounts 
from  the  reduced  sample. 
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CHAPTER  ONE 


INTRODUCTION 

The  motivation  behind  the  work  presented  here  is  to 
understand  the  influence  of  tin  on  the  properties  of 
platinum-tin  bimetallic  reforming  catalysts.  Catalytic 
reforming  has  become  one  of  the  most  important  industrial 
applications  of  catalysis.  It  yields  more  than  three 
million  barrels  of  gasoline  per  day  by  upgrading  low 
quality  fuels.  This  accounts  for  almost  1/4  of  the  total 
crude  oil  processed  (1).  The  objective  of  catalytic 
reforming  is  to  process  a hydrocarbon  fraction  having  a 
volatility  range  suitable  for  use  as  gasoline  so  as  to 
increase  its  octane  number  but  without  significantly 
changing  its  average  molecular  weight.  The  octane  rating 
of  the  reforming  feedstock  is  normally  between  30  and  50. 
Reforming  at  reaction  temperatures  of  425-525  °C  and 
pressure  of  10-35  atm.  in  the  presence  of  a catalyst 
increases  the  octane  number  to  about  90. 

The  major  reactions  in  catalytic  reforming  are  (a) 
dehydrogenation  of  cyclohexane  to  aromatic  hydrocarbons, 
(b)  dehydroisomerization  of  alkylcyclopentanes  to  aromatic 
hydrocarbons,  (c)  dehydrocyclization  of  alkanes  to 
aromatic  hydrocarbons,  (d)  isomerization  of  n-alkanes  to 
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branched  alkanes,  and  (e)  fragmentation  reactions 
(hydrocracking  and  hydrogenoly sis ) of  alkanes  and 
cycloalkanes  to  low  molecular  weight  alkanes.  The  first 
three  reactions  are  generally  the  most  important  since  the 
antiknock  quality  of  the  reformate  increases  with 
increasing  aromatics  content.  The  reforming  process  is  a 
net  hydrogen  producer  which  is  important  since  it  is  the 
source  of  hydrogen  used  in  other  important  refining 
processes.  In  addition,  the  hydrogen  partial  pressure  is 
an  important  variable  which  strongly  affects  the  rate  of 
hydrocracking  and  conversion  to  aromatics  as  well  as 
catalyst  deactivation  which  is  caused  by  the  accumulation 
of  carbonaceous  deposits  on  the  catalyst  surface. 

Reforming  catalysts  are  bifunctional  which  means  that 
both  the  oxide  support  and  the  metal  play  an  important 
role  in  determining  the  catalytic  behavior.  The 
hydrogenation  and  dehydrogenation  activities  generally  are 
associated  with  the  metal  while  the  acidic  sites  are 
responsible  for  isomerization.  The  early  reforming 
catalysts  were  oxide  mixtures  such  as  M0O2-AI2O2  and 
Highly  dispersed  platinum  supported  on 
alumina  was  found  to  be  much  more  active  and  was 
introduced  to  the  petrochemical  industries  in  the  1950s. 

In  1967  a new  type  of  catalyst  knows  as  a bimetallic 
catalyst  was  developed.  These  reforming  catalysts  consist 
of  mixtures  of  Pt-X  supported  on  acidic  alumina  where  X is 
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Sn,  Re,  Ir  or  other  metals.  Their  average  catalytic 
activities  over  a given  period  is  higher  than  all-platinum 
catalysts,  and  their  stability  is  much  improved.  This  is 
thought  to  arise  from  a change  in  selectivity  with  the 
rate  of  coke-forming  reactions  being  suppressed  with 
respect  to  the  rate  of  reforming  reactions.  Lower 
operating  pressures  are  possible  which  increases  the 
degree  of  isomerization  and  dehydrocyclization  and  reduces 
hydrocracking  resulting  in  an  increased  octane  number  of 
the  reformate. 

The  reforming  process  is  exceedingly  complex  because 
there  are  many  different  types  of  organic  compounds  in  the 
feed,  numerous  reactions  are  possible,  and  a wide  range  of 
operating  conditions  influence  the  reformate  composition. 
In  addition,  the  catalyst  is  complex  with  regard  to  the 
metal-support  interaction,  the  "bimetallic"  interaction 
and  the  effects  of  promoters  and  poisons.  Consequently, 
much  remains  to  be  done  in  understanding  the  fundamental 
aspects  of  the  nature  of  the  catalyst  and  how  it  affects 
the  reforming  process.  Most  of  the  work  undertaken  so  far 
has  been  an  attempt  to  determine  the  form  and  oxidation 
state  of  tin  and  in  what  way  the  tin  alters  the  catalytic 
properties  of  the  platinum.  Several  possibilities  have 
been  proposed  including  the  formation  of  a platinum-tin 
alloy,  formation  of  a thin  film  of  metallic  tin  over  the 
alumina,  and  the  formation  of  a tin  oxide  which  alters  the 
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alumina  by  poisoning  the  acidic  sites  or  the  platinum 
through  a modification  of  the  substrate-metal  interaction. 
All  of  these  possibilities  find  some  experimental  support 
resulting  in  little  agreement  between  many  of  the 
different  studies. 

The  primary  focus  of  this  work  presented  here  is  to 
apply  ultrahigh  vacuum  (UHV)  surface  analytical  techniques 
to  characterize  surfaces  containing  tin.  Systems  ranging 
from  Sn  metal  to  supported  model  catalysts  were  examined. 
In  this  way  a basic  understanding  of  a relatively  simple 
surface  can  be  made  before  characterization  of  surfaces 
with  increasing  complexity  is  attempted. 

Chapter  Two  presents  results  on  the  oxidation  of  a 
polycrystalline  Sn  foil.  The  nature  of  the  oxide  layer 
was  examined  with  regard  to  the  oxidation  state(s)  present 
and  the  depth  distribution  of  this  passive  layer.  Several 
surface  characterization  techniques  were  used  to  examine 
the  foil  after  both  low  and  high  pressure  oxygen  exposure. 
The  conclusions  of  previous  investigators  of  alloy 
formation  on  the  catalysts  have  prompted  an  investigation 
of  the  interaction  between  platinum  and  tin  in  Pt-Sn 
alloys.  These  results  are  presented  in  Chapter  Three. 

The  effect  of  temperature  on  the  surface  segregation  and 
oxidation  of  tin  as  well  as  the  role  of  grain  boundaries 
were  examined.  The  final  phase  of  this  work  is  presented 
in  Chapter  Four  in  which  an  alumina  film  was  impregnated 
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with  a solution  containing  Pt  and  Sn  an  effort  to  model 
the  real  catalyst.  The  effect  of  oxidation  and  reduction 
in  hydrogen  was  studied  with  respect  to  the  oxidation 
states  of  the  various  components  and  their  interaction 
with  each  other. 


CHAPTER  TWO 


tin  metal  oxidation 

Introduction 

Tin  metal  is  used  extensively  in  many  applications 
including  plating  and  conductive  coating.  Tin  readily 
forms  a passive  oxide  layer  which  gives  it  an  outstanding 
corrosion  resistance.  The  primary  motivation  for 
examining  the  oxidation  of  a polycrystalline  surface, 
however,  is  the  controversy  that  exists  over  the  oxidation 
state  of  tin  in  Pt-Sn/Al202  catalysts.  By  examining  the 
nature  of  the  interaction  of  oxygen  with  a polycrystalline 
tin  foil,  it  is  believed  that  a more  complete 
understanding  of  the  nature  of  tin  on  the  catalytic 
surfaces  will  be  obtained. 

Several  studies  have  been  performed  on  the  oxidation 
of  tin.  Two  stable  oxides,  SnO  and  Sn02,  have  been 
observed  in  the  oxide  layer  of  the  metal.  These  two 
oxides  cannot  be  distinguished  by  Auger  electron 
spectroscopy  (AES)  (2)  or  core-level  X-ray  photoelectron 
spectroscopy  (XPS)  (3-5)  due  to  their  identical  energies 
and  line  shapes.  However,  valence  band  XPS  (3)  and 
ultraviolet  photoemission  (6)  studies  have  been  successful 
in  distinguishing  between  these  oxidation  states.  By 
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comparing  valence-band  XPS  from  SnO,  Sn02  and  oxidized  Sn, 
Lau  and  Wertheim  (3)  concluded  that  the  oxidized  Sn 
contains  both  SnO  and  Sn02  in  the  surface  region. 

However,  Powell  and  Spicer  (6)  suggested  that  oxygen 
penetrates  below  the  surface  forming  Sn02  under  a metallic 
Sn  surface  using  UPS. 

Oxidation  state  investigations  have  also  been 
performed  using  electron  energy  loss  spectroscopy  (ELS). 
Powell  (2)  concluded  that  the  outermost  surface  layers  are 
oxygen  deficient,  that  both  SnO  and  Sn02  are  present  and 
possibly  that  the  adsorbed  oxygen  lies  beneath  a layer  of 
tin  atoms.  However,  Bevolo  et  al.  (7,8)  claim  that  Sn02 
is  predominant  on  the  surface  while  SnO  is  the  main 
component  in  the  oxide  layer  using  a lower  primary  beam 
energy  and  therefore  increasing  the  surface  sensitivity. 

On  the  other  hand,  Stander  (9)  has  suggested  the  formation 
of  a nonstoichiometr ic  Sn02  containing  Sn  interstitials 
during  the  initial  stages  of  oxidation  using  ELS. 

AES,  XPS,  angle-resolved  XPS  (ARXPS),  scanning  Auger 
microscopy  (SAM),  ion  scattering  spectroscopy  (ISS)  and 
electron-stimulated  desorption  (ESD)  have  been  used  to 
examine  the  room-temperature  chemisorption  of  oxygen  on 
polycrystalline  tin.  The  combination  of  these  techniques 
provides  an  excellent  means  of  examining  the  adsorption 
and  oxidation  phenomena  occurring  on  this  surface. 
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Experimental 

A Sn  foil  with  dimensions  of  7 x 10  x 0.25  mm  and  a 
purity  of  99.9995%  was  solvent  cleaned  in  toluene, 
trichloroethylene,  acetone  and  ethanol  prior  to  insertion 
into  an  ultrahigh  vacuum  chamber  which  had  a base  pressure 
of  10“^°  Torr  during  this  study.  All  XPS,  AES,  ISS  and 
ESD  data  were  obtained  with  a double-pass  CMA  which 
contained  an  internal  electron  gun  and  a moveable  angle 
resolving  aperture  (PHI  model  15-255GAR).  THE  XPS  data 
were  obtained  using  Mg  Ka  radiation  and  operating  the  CMA 
with  pass  energies  of  25  and  50  eV  (AE/E  = 1.6%).  AES 
data  were  obtained  in  the  nonretarding  mode  using  a 
primary  beam  energy  of  3 keV  and  lock-in  detection  with  a 
10  kHz  and  0.5  ^pp  oscillation.  AES  was  also  performed  in 
the  retarding  mode  by  pulse  counting  with  a pass  energy  of 
50  eV  again  using  3 keV  electrons.  TSS  was  performed  in 
the  nonretarding  mode  using  1 keV  He"^  ions  with  a current 
density  of  approximately  100  nA/cm  . The  angle  resolving 
aperture  in  the  CMA  was  employed  and  positioned  to  give  a 
scattering  angle  6 of  approximately  100  degrees.  Data 
collection  time  and  ion  emission  were  minimized  to  lessen 
sputtering  effects  which  were  found  to  be  insignificant  by 
AES  before  and  after  the  ISS  spectra  were  taken.  For  the 
ESD  experiments,  the  CMA  was  operated  as  a time-of-f 1 ight 
mass  spectrometer  by  pulsing  the  electron  beam  and  then 
enabling  the  data  collection  circuit  for  the  same  length 
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of  time  after  the  desired  flight  time  had  elapsed  (10,11). 
The  SAM  results  were  obtained  with  a PHI  600  scanning 
Auger  raicroprobe.  A 5 keV  electron  beam  with  a spot 
diameter  of  0.1  pm  was  rastered  over  a 200  x 200  ym  area. 
The  ARXPS  data  were  obtained  with  a PHI  5100  ESCA  system 
using  Mg  Ka  X-rays  and  operating  the  hemispherical 
analyzer  at  a pass  energy  of  17.9  eV. 

Results  and  Discussion 

Prior  to  the  oxygen-uptake  experiments,  the  sample 
was  cleaned  by  argon  ion  sputtering  at  1 x 10  ^ Torr  at  2 
keV  and  30  raA  emission  for  about  four  hours  resulting  in 
the  AES  spectrum  shown  in  Figure  2-l(a).  No  contamination 
is  detected,  and  the  kinetic  energies  of  the  Sn  Auger 
features  correspond  to  those  of  metallic  Sn  (430  and  437 
eV).  Examination  of  the  oxygen  uptake  as  a function  of 

exposure  shows  that  saturation  occurs  between  2000  and 

— 

3000  Langmuirs  (1  Langmuir  (L)  = 1 x 10  Torr-sec)  and 
that  low  pressure  0^  exposures  up  to  25000  L do  not 
significantly  increase  the  amount  of  adsorbed  oxygen.  All 

r 

oxygen  exposures  were  carried  out  at  1x10  Torr  and  the 
effect  of  pressure  on  oxygen  uptake  at  a set  exposure  was 
not  investigated.  A plot  of  0/Sn  atomic  concentration 
ratios  as  a function  of  exposure  is  given  in  Figure  2-2. 
These  values  were  obtained  by  measuring  the  Sn  MNN  and  0 
KLL  peak-to-peak  heights  and  multiplying  by  the 
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Figure  2-1.  AES  spectra  taken  from  a 

polycrystalline  Sn  foil  after  (a) 
cleaning  by  Ar  sputtering,  (b)  3000  L 
O2  exposure  at  25  °C  and  (c)  exposure 
to  atmospheric  air  for  one  hour. 
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appropriate  sensitivity  factors  (12).  It  should  be  noted 
that  0/Sn  ratios  should  be  considered  as  seraiquantitative 
at  best  due  to  a finite  sampling  depth  and  peak  shape 
changes  that  take  place  as  oxidation  occurs.  Therefore, 
these  ratios  are  useful  in  assessing  trends  in  oxygen 
uptake  but  not  for  quantitative  analysis  of  oxygen 
concentration  or  stoichiometric  determination.  The 
saturation  exposure  observed  in  Figure  2-2  agrees  with 
that  found  by  Powell  (2).  The  AES  spectrum  shown  in 
Figure  2-l(b)  was  taken  after  a 3000  L O2  exposure  at  300 
K.  An  oxygen  Auger  peak  is  present  at  510  eV , and  the 
splitting  in  the  Sn  Auger  features  is  reduced  indicating 
that  partial  oxidation  has  occurred.  The  sample  was  then 
exposed  to  atmospheric  air  for  one  hour.  A significant 
amount  of  oxygen  and  a small  amount  of  carbon  (272  eV) 
appear  as  shown  in  Figure  2-l(c).  The  0/Sn  atomic 
concentration  ratio  increases  from  0.41  to  0.88  from  the 
3000  L dose  to  the  air  exposure.  Furthermore,  the  shift 
in  the  Sn  Auger  peaks  to  425  and  432  eV  indicates  more 
complete  oxidation  of  the  Sn  in  the  surface  region. 

In  order  to  more  closely  examine  the  nature  of  the  Sn 
Auger  peaks  when  exposed  to  oxygen,  retarding  mode  N(E) 

AES  was  performed.  A spectrum  taken  from  the  clean  Sn 
surface  is  shown  in  Figure  2-3(a).  Four  Auger  peaks  at 
kinetic  energies  of  429.2,  431.0,  437.7  and  439.6  eV  are 
present.  The  two  major  features  are  due  to  ^ 


and 
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Figure  2-3.  Retarding  mode  AES  spectra  of  the  Sn 
MNN  peaks  taken  from  (a)  the  clean 
sample,  (b)  after  a 1000  L 0„ 
exposure,  (c)  after  a 3000  L^02 
exposure  and  (d)  after  exposure  to 
atmospheric  air  for  one  hour. 
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^5^4  5^4  5 transitions.  The  peaks  located  at  431.0 

and  439.6  eV  have  been  previously  identified  as  being  due 
to  the  raultiplet  structure  of  the  final  two-hole  state 
(derived  from  the  4d  configuration)  (2).  The  spectra 
shown  in  Figure  2-3(b)  and  (c)  were  taken  after  oxygen 
exposures  of  1000  and  3000  L respectively.  Dramatic 
changes  in  peak  shape  have  occurred  and  a large  shoulder 
at  approximately  426.5  eV  has  appeared.  The  spectrum 
shown  in  Figure  2-3(d)  was  taken  after  exposing  the 
surface  to  air  for  one  hour.  The  two  peaks  at  425.3  and 
432.6  eV  reveal  that  the  Sn  is  primarily  an  oxide.  This 
is  in  agreement  with  Figure  2-l(c).  In  a previous  study, 
Powell  (2)  apparently  was  able  to  produce  partially 
oxidized  Auger  features  by  superimposing  metallic  and 
oxidic  Sn  features.  In  the  present  study,  however, 
summing  different  combinations  of  oxide  and  metal  Sn 
spectra  shown  in  Figures  2-3(a)  and  (d)  results  in 
different  shapes  than  those  shown  in  Figures  2-3(b)  and 
(c).  Specifically,  the  positive  slope  appearing  at  426.5 
eV  in  Figures  2-3(b)  and  (c)  could  not  be  generated.  No 
matter  what  metal/oxide  ratio  is  used,  a negative  slope  is 
present  at  426.5  eV  after  summation.  This  is  contrary  to 
the  partially  oxidized  spectra. 

XPS  was  also  performed  on  the  sample  after  the  same 
treatments  as  in  Figure  2-3.  These  spectra  are  shown  in 
Figures  2-4  through  2-7.  No  sample  charging  was  observed 
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Figure  2-4.  XPS  spectra  of  the  Sn  3d  peaks  and 
Q peaks  using  a pass  energy  of 
50  eV.  The  sample  conditions  are 
s’?  the  same  as  in  Figure  2-3. 
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with  XPS  even  for  the  air-exposed  sample.  Oxygen-to-tin 
ratios  were  calculated  using  peak  area  measurements  taken 
from  Figure  2-4  and  standard  atomic  sensitivity  factors 
using  the  Sn  3d^^2  peak  and  the  0 Is  feature  at 
approximately  531  eV  (13).  As  stated  for  the  AES  results, 
these  ratios  do  not  represent  stiochiometric  values  since 
oxygen  concentration  and  oxidation  state  vary  as  a 
function  of  depth  and  XPS  is  not  very  surface  sensitive. 
Figure  2-5(a)  shows  metallic  Sn  features,  and  Figure 
2-5(d)  shows  primarily  oxidic  features.  Binding  energies 
for  the  Sn  3d^^2  peak  are  located  at  484.65  and  486.4  eV 
for  metal  and  oxide  respectively.  An  0/Sn  atomic 
concentration  ratio  of  0.84  was  calculated  for  the 
eir— exposed  sample.  A small  metallic  shoulder  is  present 
on  the  air-exposed  sample.  This  is  in  agreement  with  the 
AES  results  (Figures  2-l(c)  and  2-3(d))  which  also 
indicate  incomplete  oxidation. 

Figures  2-5(b)  and  (c)  reveal  a shoulder  located  at 
approximately  485.8  eV  which  is  not  due  to  SnO  or  Sn02 
since  their  Sn  3d^^2  binding  energies  are  identical  and 
lie  about  0.6  eV  above  this  energy.  It  is  also  important 
to  note  that  even  though  the  shoulder  grew  from  the  1000  L 
to  the  3000  L exposure  (0/Sn  = 0.34  and  0.41 
respectively),  the  peak  position  remains  at  the  same 
energy.  This  result  suggests  that  this  is  a discrete 
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Detailed  XPS  spectra  of  the  Sn  3d 
peaks  using  a pass  energy  of  25  eV. 
The  sample  conditions  are  the  same  as 
in  Figure  2-3. 


Figure  2-5. 
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oxidation  state  and  not  due  to  a continuous  chemical  shift 
resulting  from  increasing  oxygen  concentration.  It  also 
seems  reasonable  that  the  oxidic  Auger  features  observed 
in  Figures  2-3(b)  and  (c)  may  arise  from  this  state.  The 
0/Sn  ratios  for  these  exposures  are  in  excellent  agreement 
with  the  Auger  spectra  (0/Sn  = 0.33  and  0.41 
respectively ) . 

Figure  2-6  shows  spectra  of  the  0 Is  peak  for  the  (a) 
3000  L and  (b)  air  exposed  sample.  A broadening  of  the 
peak  to  a higher  binding  energy  on  the  air  exposed  sample 
indicates  that  a second  form  of  oxygen  is  present  in  the 
surface  region.  Two  possibilities  as  to  the  origin  of 
this  shoulder  are  the  presence  of  adsorbed  CO  or  hydroxyl 
groups.  Upon  comparison  with  the  corresponding  Auger 
spectra,  a peak  due  to  carbon  is  present  suggesting  that 
the  0 Is  shoulder  may  be  due  to  adsorbed  CO.  However,  the 
carbon  may  be  graphitic  as  is  suggested  by  the  Auger  peak 
shape.  Electron  beam  cracking  of  the  CO  may  be  the  source 
for  this  form  of  carbon.  Further  discussion  of  this  XPS 
feature  will  be  presented  with  the  ARXPS  results. 

The  effect  of  heating  an  oxygen-exposed  sample  on  the 
Sn  oxidation  state  and  surface  0 concentration  was 
examined.  Figure  2-7  shows  XPS  spectra  of  the  Sn  3d^^2 
peak  after  (a)  a 10000  L 0^  dose  at  25  °C  and  (b)  after 
heating  the  0^  exposed  sample  to  180  °C  for  1/2  hour.  No 
significant  changes  have  occurred  except  that  the  shoulder 
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Figure  2-6.  Detailed  XPS  spectra  of  the  0 Is 

peak  after  (a)  a 3000  L 0„  exposure 
and  (b)  exposure  to  atmospheric  air 
for  one  hour. 
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has  become  slightly  more  well  defined.  The  reason  for 
this  slight  peak  shape  change  will  be  discussed  with  the 
ARXPS  results.  Furthermore,  minimal  changes  in  the  0/Sn 
peak  area  ratios  took  place.  This  result  provides  a good 
example  of  how  stable  the  oxide  layer  is,  especially  since 
Sn  melts  at  approximately  230  °C. 

SAM  was  performed  on  the  clean  and  oxygen-exposed  Sn 
metal  in  order  to  determine  how  the  adsorbed  oxygen  is 
distributed  spatially.  Using  a 0.1  urn  spot  size,  no 
oxygen  concentration  gradients  are  detected  after  an  O2 
exposure  of  3000  L thereby  indicating  uniform  oxygen 
uptake  even  in  regions  where  numerous  grain  boundaries 
and/or  defects  are  present.  These  results  imply  that  the 
oxidation  states  observed  with  XPS  and  N(E)  AES  are  not 
due  to  selective  adsorption  at  visible  surface 
inhomogenieties  such  as  grain  boundaries. 

The  composition  of  the  outermost  surface  layer  was 
examined  using  ISS.  The  spectra  shown  in  Figures  2-8(a), 
(b),  and  (c)  correspond  to  clean,  3000  L O^-dosed  and 
^dr  — exposed  Sn  respectively.  The  major  ISS  feature  at 
E/Eo  = 0.9  is  due  to  He"*"  scattering  off  Sn  atoms.  A very 
small  feature  due  to  oxygen  can  be  seen  at  approximately 

= 0.65.  Even  though  only  a trace  of  oxygen  is 
detected  by  AES  on  the  sputter— cleaned  surface,  a distinct 
peak  is  present  with  ISS.  After  a 3000  L 0^  exposure,  the 
oxygen  peak  is  not  significantly  increased  (approximately 
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Figure  2-7.  Detailed  XPS  spectra  of  the  Sn 

^^5/2  after  a .10000  L 0„ 

dose  and  (b)  after  heating  the 
oxygen  dosed  sample  at  180  °C  for 
one  half  hour. 
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a 1.3  fold  increase  for  ISS  as  opposed  to  a 30  fold 

increase  for  AES).  It  is,  therefore,  apparent  that  the 

adsorbed  oxygen  does  not  reside  on  the  surface.  After  the 

one  hour  air  exposure,  the  background  increases  at  the 

onset  of  the  oxygen  peak  but  a discrete  peak  is  not 

present.  This  increased  background  may  be  due  to  an 

increase  in  inelastic  scattering  caused  by  the  presence  of 

hydrogen  in  the  sample  or  to  a change  in  electron  mobility 

at  the  surface  which  affects  the  reneutralization 

probability.  Although  the  spectra  are  normalized  to  the 

same  vertical  scale,  the  overall  signal  in  Figure  2-8(c) 

is  decreased  by  approximately  a factor  of  five  from  the 

clean  and  low  pressure-exposed  surfaces.  This  decrease  in 

signal  may  be  caused  by  the  presence  of  hydroxyl  groups  in 

the  surface  region.  The  absence  of  a distinct  oxygen  peak 

in  Figure  2— 8(c)  indicates  an  absence  of  oxygen  in  the 

outermost  surface  layer.  However,  it  is  possible  that 

hydrogen  is  masking  the  0 ISS  signal.  ISS  studies  on 

oxygen-exposed  Zr  (14)  yield  large  features  due  to  oxygen 

so  the  absence  of  oxygen  in  this  study  is  not  due  to 

selective  sputtering  of  surface  oxygen  by  the  primary 

ions.  Furthermore,  the  ion  current  density  used  in  this 

study  corresponds  to  an  ion  inpingement  rate  of 

12.  2 

approximately  2 x 10  ions/sec— cm  . The  time  required  to 
obtain  a spectrum  was  60  seconds  and  only  a single  energy 
sweep  was  performed.  This  is  an  insufficient  period  of 
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Figure  2-8.  1 keV  He^  ISS  spectra  taken  from  (a) 

the  clean  sample,  (b)  after  a 3000  L 
O2  exposure  and  (c)  after  exposure 
to  atmospheric  air  for  one  hour. 
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time  for  the  sputtering  of  a monolayer  to  occur  assuming  a 
15  2 

density  of  10  atoms/cm  on  the  surface. 

ESD  was  also  performed  on  the  sample  after  a 3000  L 
O2  exposure,  but  no  oxygen  was  detected.  However,  in  ESD 
studies  of  thick  tin  oxide  films,  large  O'*"  signals  are 
obtained  (15).  ESD  is  highly  surface  sensitive  with 
respect  to  the  desorbing  species  (11),  and,  therefore, 
provides  further  support  of  the  assertion  that  absorbed 
oxygen  lies  beneath  a layer  of  Sn  atoms. 

The  tin  oxidation  state  and  nature  of  the  oxide  layer 
were  examined  in  more  detail  by  angle-resolved  XPS.  In 
ARXPS,  the  collection  angle  from  which'  the  electrons  are 
emitted  from  the  surface  is  varied.  Increased  surface 
sensitivity  is  attained  by  decreasing  the  take-off  angle 
(9)  thereby  decreasing  the  depth  (z)  perpendicular  to  the 
surface  of  the  photoelectrons  to  the  surface.  This  method 
is  illustrated  in  Figure  2—9.  By  this  means,  a 
nondestructive  compositional  depth  profile  may  be 
obtained. 

Spectra  taken  from  the  Sn  ^^2/2  level  after  a 

400  L O2  dose  are  shown  in  Figure  2-10.  Collection  angles 
corresponding  to  10°  and  85°  are  presented  in  Figures 
2— 10(a)  and  (b)  respectively.  Due  to  the  lower  pass 
energy  used  in  this  experimental  set-up  when  compared  with 
the  pass  energy  used  with  the  CMA,  two  peaks  are  easily 
identified.  Furthermore,  a deconvolution/curve-fitting 


Figure  2-9.  Illustration  of  surface  sensitivity 
enhancement  with  ARXPS.  The  escape 
depth  of  the  emitted  electrons 
(perpendicular  to  the  surface)  is 
significantly  reduced  at  low  angles. 
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Figure  2-10.  ARXPS  spectra  of  the  Sn  3d„  peak  after 
a 400  L 0„  exposure.  The  spectra  shown 
in  (a)  ana  (b)  correspond  to  collection 
angles  of  10  and  85°  respectively. 
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routine  allows  for  quantitative  concentration  estimates  of 
the  two  Sn  features  to  be  made.  By  this  means  two 
individual  Gaussian-Lorentzian  curves  (typically  70-80% 
Gaussian)  are  incorporated  into  Figure  2-10  corresponding 
to  the  two  oxidation  states  as  well  as  a numerical 
composite  curve  arising  from  the  summation  of  the 
individual  curves.  The  numerical  features  comprise  a 
"best  fit"  of  the  data. 

Close  examination  of  the  binding  energies  of  the 
peaks  in  Figure  2-10(a)  reveals  a peak  splitting  of  1.50 
eV . This  is  a higher  separation  than  found  for  the 
angle-integrated  XPS  results  presented  earlier,  but  is 
still  significantly  less  than  the  splitting  of  1.75  eV 
expected  for  the  stoichiometric  oxide.  If  equal 
sensitivity  factors  for  the  two  species  are  assumed,  then 
an  oxidized  tin/metallic  tin  (Sn°/Sn0^)  area  ratio  is 
calculated  to  be  1.37.  Significant  changes  occur  in  the 
spectra  for  an  85°  collection  angle.  The  apparent  peak 
separation  is  reduced  to  1.42  eV  and  the  Sn°/Sn0  ratio  is 

X 

2.63.  Similar  spectra  are  presented  in  Figure  2-11  for  a 
Sn  sample  which  had  been  exposed  to  air  for  five  minutes. 
In  this  case,  the  peak  splitting  is  reduced  from  1.88  eV 
for  the  10°  collection  angle  to  1.65  eV  for  the  85°  angle. 
Also,  the  Sn°/Sn0^  ratio  increases  from  0.16  to  0.60. 

In  Figure  2-12  the  binding  energies  of  the  oxidic  Sn 
feature  versus  collection  angle  as  estimated  by  curve 


N(E)  (arb.  units) 
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ARXPS  spectra  of  the  Sn  3d.  after 

a five  minute  exposure  to  atmospheric 
air.  The  spectra  shown  in  (a)  and  (b) 
corresgond  to  collection  angles  of  10° 
and  85  respectively. 


Figure  2-11. 
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fitting  for  several  angles  between  10°  and  85°  for  (a)  the 
400  L O2  exposure  and  (b)  the  air  exposed  sample  are 
plotted.  In  both  cases,  the  binding  energy  decreases  with 
increasing  collection  angle  with  the  air  exposed  sample 
having  a more  significant  decrease.  Also,  the  full  width 
at  half  maximum  (FWHM)  of  the  oxide  peak  increases  by 
approximately  0.15  eV  from  10°  to  85°  for  both  exposures. 
These  results  suggest  that  the  oxidation  state  of  the  tin 
oxide  is  not  well  defined  but  that  a continuous  decrease 
in  oxidation  state  with  increasing  depth  is  present.  This 
may  be  influenced  by  the  second  form  of  oxygen  observed  in 
Figure  2-6  for  the  air  exposed  sample.  It  should  be  noted 
that  there  are  difficulties  in  making  this  type  of 
conclusion  with  this  information.  There  are  factors  in 
the  experimental  procedure  that  could  affect  these 
results.  They  include  surface  roughness  and 
inhomogeneity,  sample  orientation  and  other  uncertainties 
in  quantifying  the  data.  The  curve  fitting  routine  can  be 
somewhat  arbitrary  with  regard  to  peak  shape  and  position. 
The  decrease  in  overall  apparent  binding  energy  with 
increasing  angle  is  quite  large  for  the  air  exposed  sample 
however.  It  therefore  seems  unlikely  that  the  potential 
problems  mentioned  above  would  account  for  this  large 
change . 

Further  insight  into  the  reason  for  this  behavior  can 
be  gained  by  examining  the  concentration  of  oxygen  versus 
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the  concentration  of  oxidized  Sn  as  function  of  the 
collection  angle.  However,  as  shown  in  Figure  2-6,  two 
forms  of  oxygen  are  present  on  the  air  exposed  sample.  It 
was  then  suggested  that  the  second  state  of  oxygen  arose 
from  either  adsorbed  CO  or  hydroxyl  groups.  A more 
detailed  examination  of  this  second  form  of  oxygen  can  be 
made  with  ARXPS.  Figure  2-13  shows  the  0 Is  feature  taken 
from  the  air  exposed  sample  at  a 10°  collection  angle. 

The  fitted  curves  correspond  to  oxygen  associated  with  the 
oxide  and  hydroxyl  groups.  The  identification  of  this 
hydroxyl  group  feature  can  be  made  by  eliminating  the 
presence  of  adsorbed  CO  due  to  the  small  amount  of  carbon 
present  and  the  AES  carbon  line  shape.  It  therefore  seems 
reasonable  that  the  carbon  feature  shown  in  Figure  2-l(c) 
is  due  to  graphitic  carbon  and  not  adsorbed  CO. 

Figure  2-14  shows  a plot  of  oxide  binding  energy 
versus  oxygen/tin  oxide  area  ratios  (corrected  for  atomic 
sensitivity  factors)  for  (a)  the  400  L oxygen  dose  and  (b) 
the  air  exposed  sample.  The  contributions  due  to  hydroxyl 
groups  have  been  subtracted  out  for  the  air  exposed  sample 
and  do  not  contribute  significantly  to  the  400  L oxygen 
dosed  sample.  Although  there  is  a large  amount  of  scatter 
in  the  data,  an  increase  is  observed  in  the  binding 
energies  corresponding  to  increasing  Ox/SnO^  ratios.  It 
should  be  noted  that  the  relative  sensitivity  factors  for 
0 and  Sn  might  change  with  varying  emission  angles  due  to 
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Figure  2-14.  Oxide  binding  energy  plotted  versus  oxygen/tin 
oxide  ratios.  Only  oxygen  corresponding  to  the 
oxide  is  included  in  the  these  ratios.  Curves  ( 
and  (b)  correspond  to  exposures  of  400  L of  oxyg 
and  five  minutes  to  atmospheric  air  respectively 
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their  different  kinetic  energies.  The  straight  lines  are 
included  to  highlight  these  trends  and  are  not  meant  to 
imply  that  they  are  linear.  If  possible  atomic 
sensitivity  variations  are  neglected,  this  ratio  may  be 
very  loosely  interpreted  as  the  oxidation  state  of  the 
oxide  species  since  the  contributions  due  to  Sn  metal  and 
hydroxyl  groups  have  been  removed.  If  it  were  not  for  the 
data  point  taken  at  10°  for  the  400  L dosed  sample,  it 
might  appear  as  though  the  data  points  correspond  to  a 
single  curve  for  both  exposures.  Further  investigation  is 
required  to  determine  if  such  a connection  can  be  made. 

A numerical  compositional  depth  profile  procedure  was 
used  to  model  the  distribution  of  the  oxide  in  the  surface 
region.  This  method  is  outlined  in  the  Appendix. 
Concentrations  ratios  of  Sn°/Sn0^  plotted  as  a function  of 
normalized  depth  (z/X)  are  shown  in  Figure  2—15  for  (a) 
the  400  L O2  dose  and  (b)  the  five  minute  air  exposure. 

In  both  cases,  it  appears  that  the  outermost  layers  are 
rich  in  Sn  metal.  This  is  probably  due  to  the  approximate 
nature  of  the  numerical  procedure  and  not  due  to  the 
presence  of  a metallic  overlayer.  Furthermore,  tin  bonded 
as  hydroxide  on  the  air  exposed  sample  may  also  have  an 
adverse  effect  on  the  numerical  solution.  By  examining 
the  position  of  the  minimum  of  the  Sn°/Sn0^  ratio,  it  is 
apparent  that  the  air-exposed  sample  contains  a 
substantially  thicker  oxide  layer  than  the  one  given  a 400 
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L exposure.  For  Sn  metal  and  Sn02  a value  for  X is 
calculated  to  be  approximately  2.2  nm  using  an  empirical 
equation  developed  by  Seah  and  Dench  (16)  for  both  oxide 
and  metal.  Subsequently,  a crude  estimate  of  the  oxide 
layer  thickness  for  these  exposures  may  be  obtained.  The 
shape  of  the  curves  at  depths  greater  than  about  5 nm  lose 
their  accuracy  due  to  the  small  amount  of  signal  that 
arises  from  these  depths.  However,  the  initial  increase 
of  the  Sn  /SnO^  ratio  indicates  that  the  oxide 
concentration  is  decreasing  rapidly  in  this  region. 
Therefore,  an  oxide  thickness  of  2 nm  for  the  400  L 
exposure  and  3 nm  for  the  air  exposure  is  estimated. 

Upon  comparing  the  ARXPS  results  with  the  XPS  results 
taken  with  the  CMA , several  points  can  be  made.  The 
slight  differences  in  apparent  binding  energies  of  the 
oxide  peaks  may  be  attributed  to  the  lower  resolution  used 
with  the  CMA  and  the  distribution  of  oxidation  states 
which  may  be  present  in  the  oxide  layer.  Heating  the 
oxygen  exposed  sample  shifts  the  oxide  binding  energy 
slightly  higher  and  forms  a more  well-defined  oxidation 
state.  This  oxidation  state  more  closely  resembles  that 
observed  in  the  shallow  ARXPS  data  in  terms  of  binding 
energy  and  peak  resolution. 

An  ELS  study  by  Corallo  and  Hoflund  (17)  examines  the 
oxidation  state  of  Sn  as  a function  of  primary  beam 
energy.  Although  no  evidence  for  a metallic  overlayer  is 
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observed,  preliminary  results  indicate  that  the  surface 
layer  is  oxygen  deficient.  This  is  also  in  agreement  with 
ELS  studies  on  thick  tin  oxide  films  (18,19).  As 
described  above,  neither  SnO  nor  Sn02  is  detected  with  XPS 
after  low-pressure  oxygen  exposures.  It  may  be  that 
features  in  the  ELS  spectra  presented  previously  (2,7,8) 
are  not  due  to  SnO  or  Sn02  but  rather  to  the  oxidation 
state  identified  in  this  study.  The  newly  identified  peak 
in  the  XPS  spectra  remains  to  be  related  to  structure  and 
composition.  Stander  (9)  has  suggested  formation  of  a 
nonstoichiometric  Sn02  containing  Sn  interstitials  during 
the  initial  stages  of  oxidation.  This  model  does  not  seem 
to  be  consistent  with  the  data  presented  in  the  present 
study  since  true  oxide-like  features  would  most  likely 
appear  if  it  were  correct  unless  these  Sn  interstitials 
interact  chemically  with  the  Sn02  thereby  shifting  its 
binding  energy.  Other  possibilities  include  suboxide 
formation  or  oxygen  which  is  chemically  coraplexed  with  the 
tin  in  the  near-surface  region. 

Conclusions 

AES,  XPS,  ARXPS , SAM,  ISS  and  ESD  have  been  used  to 
characterize  the  oxidation  of  polycrystalline  Sn  metal  at 
low  and  atmospheric  pressures.  A Sn  3d^^2  peak  is 

present  at  485.7  eV  after  low  pressure  exposures  which 
does  not  correspond  to  Sn  metal  or  SnO  or  Sn02.  Features 
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in  N(E)  Auger  spectra  confirm  the  presence  of  this  state. 
Furthermore,  SAM  results  show  that  the  oxygen  distribution 
across  the  sample  at  these  exposures  is  uniform  indicating 
that  this  tin  oxidation  state  is  also  uniform  across  the 
surface . 

ISS  results  show  that  oxygen  penetrates  beneath  th'e 
outermost  surface  layer  since  there  is  no  increase  in  an 
already  very  small  oxygen  signal  with  increasing  exposure. 
However,  changes  are  observed  in  the  background  in  the 
spectra  after  air  exposure  which  are  due  to  the  presence 
of  hydroxyl  groups.  This  coincides  with  the  appearance  of 
SnO  and/or  Sn02  with  XPS.  ESD  yields  no  desorbing  0"^ 
after  low  pressure  exposures.  This  is  also  indicative  of 
the  absence  of  oxygen  in  the  outermost  surface  layer  since 
large  amounts  of  0'*’  are  observed  desorbing  from  surfaces 
of  thick  tin  oxide  films.  ARXPS  results  suggest  that  a 
decreasing  oxidation  state  of  Sn  with  increasing  depth  is 
present . 


CHAPTER  THREE 


OXIDATION  AND  SURFACE  ENRICHMENT  OF  SN  IN  PT-SN  ALLOYS 

Introduction 

The  interaction  between  platinum  and  tin  in  a Pt^Sn 
alloy  has  been  investigated  to  gain  a further 
understanding  of  this  interaction  which  may  be  important 
with  regard  to  on  the  alumina-supported  catalysts. 
Furthermore,  the  surface  properties  of  alloys  are  an 
interesting  and  important  area  of  study  with  regard  to 
segregation,  diffusion,  selective  sputtering  by  ion 
bombardment  and  oxidation. 

Platinum  alloyed  with  tin  has  been  studied  previously 
with  XPS,  AES  and  ISS.  Bouwraan,  Toneman  and  Holscher  (20) 
used  AES  to  show  that  the  composition  of  the  near-surface 
region  of  a Pt/Sn  alloy  can  be  modified  drastically  by  a 
number  of  treatments.  Sputtering  or  exposure  to  hydrogen 
enriches  the  surface  region  in  platinum  while  annealing  or 
exposure  to  oxygen  enriches  the  surface  region  in  tin. 

The  driving  force  for  segregation  by  annealing  is 
generally  interpreted  as  differences  in  heats  of 
sublimation  and  minimization  of  surface  free  energy  of  the 
alloy.  The  heat  of  sublimation  of  tin  is  significantly 
lower  than  platinum  (300  kJ/mole  versus  510  kJ/raole).  The 
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effects  of  various  adsorbates  on  segregation  may  be 
explained  by  the  bond  strengths  of  the  adsorbed  species 
with  the  metal.  Oxygen  is  known  to  bond  more  strongly  to 
tin.  Therefore,  its  attraction  to  tin  is  strong  enough  to 
break  Pt-Sn  bonds  and  draw  the  Sn  to  the  surface.  Bouwman 
et  al.  (20)  also  demonstrated  that  oxygen  adsorbs 
differently  on  a Pt^Sn  surface  containing  40  atomic  % Sn 
than  on  a PtSn  surface  containing  70  % Sn  (composition 
determined  by  AES).  Specifically,  they  found  that  Pt^Sn 
more  readily  chemisorbs  oxygen  at  lower  temperatures  than 
PtSn.  This  study  was  extended  by  Bouwman  and  Biloen 
(21,22)  who  compared  XPS  and  AES  results  from  PtSn  and 
Pt^Sn  after  the  treatments  mentioned  above.  A study  by 
Biloen  et  al.  (23)  on  a Pt^Sn  alloy  reveals  surface 
enrichment  of  tin  resulting  in  surface  concentrations  of 

^^0.43^^0.57  ^^0.42^^0  58  adsorption 

results  respectively.  Using  XPS,  Cheung  (24)  observed  a 

change  in  the  electronic  nature  of  Sn  in  Pt/Sn  alloys  as 
evidenced  by  a 0.4  eV  shift  of  the  Sn  peak. 

Furthermore,  he  concluded  that  the  alloyed  Sn  has  a 

reduced  tendency  toward  oxidation  than  the  pure  metal. 

Van  Santen  and  Sachtler  (25)  developed  a theory  which 
predicts  surface  enrichment  by  interchange  of  atoms  of  the 

element  with  the  lower  heat  of  sublimation  from  the  layer 

just  below  the  surface  with  atoms  of  the  other  element  in 
the  surface  region.  They  also  predict  that  for  Pt^Sn, 
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surface  enrichment  occurs  more  readily  in  the  (100)  plane 
than  the  (111)  plane. 

This  chapter  is  divided  into  four  separate  sections. 
Each  section  represents  a distinct  phase  in  the 
experimental  progression  which  used  four  our  different 
vacuum  systems.  The  latter  sections  draw  upon  results 
presented  in  previous  ones.  A conclusions  section  is  also 
included  which  gives  an  overall  summary  of  the  results 
obtained  in  the  alloy  studies. 

Sample  Preparation 

The  Pt^Sn  alloy  samples  were  prepared  using  high 
purity,  reagent  grade  materials.  Platinum  foil  (Materials 
Research  Corporation,  VP  Grade)  of  dimensions  7 x 10  x 
0.13  mm  was  ultrasonically  cleaned  for  five  minutes  in 
each  of  the  following  solvents:  water,  benzene,  acetone, 

chloroform,  acetone  and  methanol.  The  platinum  foil  was 
then  used  as  a cathode  in  an  electrochemical  cell 
containing  an  electrolytic  solution  consisting  of  the 
stoichiometric  amount  of  SnCl_^  required  to  produce  Pt^Sn, 
2.5  g of  NH2NH2H2S0^  and  H2O  for  a total  volume  of  100  ml. 
Metallic  tin  was  plated  onto  the  platinum  cathode  at  a 
potential  of  -0.70  V versus  SCE  at  a temperature  of  55  °C . 
The  potential  rose  slowly  during  the  early  stages  of 
deposition.  After  plating  for  about  one  hour,  the 
electrolytic  solution  was  neutralized  to  a pH  of  7.00 
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using  NH^OH.  After  washing  with  distilled  water  and 
drying  at  60  C in  vacuum,  the  sample  was  weighed  to 
vsrify  that  the  correct  amount  of  tin  had  been  deposited. 
Then  the  sample  was  placed  in  a quartz  tube.  It  was 
heated  at  450  °C  for  three  hours  (slowly  through  the  tin 
melting  temperature)  under  flowing  hydrogen  and  cooled 
slowly  to  20  °C.  The  sample  was  stored  in  an  argon 
atmosphere. 

The  Effects  of  Annealing.  Sputtering  and  Oxygen 
Exposure  on  Surface  Composition 

ISS  and  AES  were  used  to  examine  a Pt^Sn  surface 
before  and  after  exposure  to  oxygen.  The  AES  and  ISS  data 
presented  in  this  section  were  taken  using  a PHI  15-255GAR 
double-pass  CMA  containing  an  internal  electron  gun  and  a 
movable  aperture  for  angular  resolution  of  the  emitted 
signal.  AES  was  taken  using  standard  procedures  with  a 

primary  beam  energy  of  3 keV  and  a 0.5  V oscillation. 

PP 

ISS  was  performed  using  a PHI  Model  04-161  sputter  gun 
mounted  at  an  angle  of  30°  with  respect  to  the  sample 
normal.  Scattered  ions  leaving  the  sample  at  an  angle  of 
3 with  respect  to  the  sample  normal  were  energy  analyzed 
using  the  nonretarding  mode  of  the  analyzer.  The  angle 
selection  was  accomplished  using  the  movable  aperture  with 
the  resulting  scattering  angle  being  approximately  147°. 
The  primary  beam  consisted  of  1 keV  helium  ions,  with  a 
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beam  current  density  of  about  100  nA/cm  . This  results  in 
good  signal-to-noise  ratios,  an  adequate  resolution  of  the 
platinum  and  tin  peaks  and  minimal  sputtering  effects. 

The  sample  was  spot  welded  onto  two  0.02  inch  tungsten 
wires  and  was  supported  at  an  angle  of  45°  with  respect  to 
the  electrostatic  analyzer.  Heating  was  accomplished 
radiantly  using  a tungsten  filament  mounted  behind  the 
sample.  The  temperature  was  measured  using 

iron-constantan  thermocouple  wires  spot  welded  to  the  back 
of  the  sample . 

After  baking  and  pumping  the  system  down  to  10~^^ 
Torr,  AES  showed  that  the  sample  was  slightly  contaminated 
with  carbon  and  oxygen.  Both  were  removed  easily  with 
heating  to  500  °C  and  argon  ion  sputtering.  Before  ISS 
was  performed,  several  general  conclusions  of  Bouwman  et 
al.  (20-22)  were  checked  qualitatively  and  substantiated. 

It  was  found  that  annealing  the  sample  or  exposing  it  to 
oxygen  enriched  the  surface  region  in  tin  and  that 
sputtering  enriched  the  surface  region  in  platinum. 

Figure  3-1  shows  ISS  spectra  after  various 
treatments,  and  Figure  3—2  shows  the  corresponding  AES 
spectra.  Spectra  from  a clean  surface  are  shown  in 
Figures  3— 1(a)  and  3— 2(a).  The  sample  had  been  sputtered 
followed  by  annealing  at  500  C for  2—1/2  hours.  During 
the  annealing  period,  the  pressure  remained  in  the  10~^*^ 
Torr  range.  These  spectra  were  recorded  after  numerous 
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Figure  3-1.  ISS  spectra  of  Pt^Sn  taken  using  1 keV 
ions.  Spectra  (a;,  (b)  and  (c)  were 
taken  after  annealing  at  500  °C  for 
2—1/2  hours,  after  a 1000  L 0„  exposure 
at  200  C and  after  sputtering  with  the 
ISS  beam  for  one  hour. 
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s p u t t e r — an n e a 1 cycles  resulting  in  a depletion  of  tin  in 
the  sample.  Figure  3-l(a)  shows  a trace  of  sodium  present 
on  the  surface  at  E/Eq  = 0.51.  Figures  3-l(b)  and  3-2(b) 
show  spectra  from  the  same  surface  after  a 1000  L exposure 
to  O2  at  200  C.  Both  ISS  and  AES  show  a peak  due  to 
oxygen.  In  the  ISS  spectrum,  it  appears  that  the  tin  peak 
has  increased  in  height.  This  is  not  the  case  because  the 
scale  factors  of  the  ordinates  of  Figure  3-1  are  arbitrary 
with  respect  to  each  other  as  discussed  below.  The 
energies  of  the  oxygen,  tin  and  platinum  peaks  are  in  good 
agreement  with  the  values  calculated  from  an  equation 
derived  from  classical  elastic  scattering  using  a 
scattering  angle  of  147°.  Figures  3-l(c)  and  3-2(c)  show 
the  ISS  and  AES  spectra  taken  after  one  hour  sputtering  at 
room  temperature  with  helium  ions.  Both  spectra  show 
significant  tin  depletion  and  almost  complete  removal  of 
the  oxygen.  When  the  ISS  spectrum  shown  in  (c)  is 
expanded  by  a factor  of  70,  a small  feature  is  apparent 
near  the  energy  for  the  oxygen  seen  in  Figure  3-l(b).  The 
slight  decrease  in  kinetic  energy  observed  is  not 

understood.  This  energy  is  still  too  high  for  the  ions  to 
be  scattered  off  of  nitrogen. 

Figure  3-3  shows  enlarged  spectra  of  the  platinum  and 
tin  peaks  of  Figures  3-l(a)  and  (b)  scaled  appropriately 
with  respect  to  each  other . With  this  scaling  it  is 
apparent  that  there  is  no  change  in  the  tin  peak  upon 
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Figure  3-2. 


AES  spectra  corresponding  to  the  ISS 
spectra  of  Figure  3-1. 
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Figure  3 3,  ISS  spectra  of  the  Pt  and  Sn  peaks 
from  Figure  3-l(a)  and  (b)  shown 
correctly  scaled  with  respect  to  each 
other . 
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oxygen  adsorption,  but  the  platinum  peak  is  significantly 
reduced  in  size.  There  are  two  possible  explanations  for 
this  behavior.  The  first  possibility  is  that  the  oxygen 
adsorbs  to  the  surface  platinum  atoms  and  not  to  the  tin 
atoms.  The  oxygen  would  then  cover  the  Pt  atoms  and, 
therefore,  reduce  its  signal  but  not  that  due  to 
scattering  off  the  Sn  atoms.  From  a chemical  viewpoint 
this  seems  unlikely  because  oxygen  more  readily  reacts 
with  tin  than  platinum.  The  other,  and  most  probable, 
explanation  for  the  reduced  Pt  signal  is  that  surface 
segregation  of  Sn  occurs  when  the  sample  is  exposed  to 
oxygen.  In  this  case  the  additional  Sn  drawn  to  the 
surface  is  covered  by  oxygen,  so  the  ISS  Sn  signal  appears 
not  to  change.  This  segregated  Sn  then  covers  the  Pt  and 
reduces  its  signal. 

It  has  been  found  that  the  most  important  variable 
with  regard  to  the  amount  of  oxygen  adsorbed  during  a low 
pressure  ©2  exposure  is  the  temperature.  The  temperature 
dependence  is  shown  in  Figure  3-4(a)  in  which  the  atomic 
ratio  of  0/Sn  is  plotted  after  a 1000  L dose  to  oxygen  as 
a function  of  the  sample  temperature  during  dosing.  The 
sample  was  sputter-cleaned  before  each  data  point  was 
taken.  The  amount  of  adsorbed  oxygen  relative  to  tin  goes 
through  a distinct  maximum  at  about  200  ^C.  The  maximum 
0/Sn  ratio  occurs  just  below  the  melting  point  of  pure  tin 
metal  (232  °C).  Above  this  temperature,  a sharp  decrease 
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Figure  3-4.  Oxygen-tin  ratios  (a)  and  platinum- 
tin  ratios  (b)  after  a 1000  L dose 
plotted  as  a function  of  exposure 
temperature . 


50 


in  surface  Pt  is  observed  as  shown  in  Figure  3-4(b),  but 
little  segregation  occurs  below  200  °C. 

XPS  was  also  performed  before  and  after  the  oxygen 
exposure.  A slight  binding  energy  increase  (0.3  eV)  was 
observed  in  the  Sn  3d  features  relative  to  metallic  Sn 
features  for  the  clean  surface.  This  is  thought  to  arise 
from  a chemical  interaction  between  the  Pt  and  Sn. 

However,  no  differences  in  either  the  Pt  4f  or  Sn  3d  were 
observed  after  oxygen  exposure.  This  may  be  due  to  the 
small  amount  of  oxygen  present  resulting  in  an  oxide 
concentration  too  low  to  be  detected  with  XPS.  A slight 
decrease  in  the  Sn  Auger  splitting  is  observed  in  Figure 
3-2(b)  suggesting  the  partial  oxidation  of  the  Sn  may  have 
occurred.  The  distinct  oxygen  peak  present  in  Figure 
3-l(b)  reveals  a different  bonding  structure  than  on  Sn 
metal.  In  Chapter  Two,  it  was  shown  that  the  oxygen  bonds 
below  the  surface  whereas  at  least  some  of  the  oxygen 
bonding  on  the  alloy  surface  is  situated  above  the 
surface.  This  behavior  will  be  discussed  later. 

The  Role  of  Grain  Boundaries  on  Sn  Surface 
Enrichment  and  Oxidation 

In  this  section,  XPS,  ISS,  AES  and  SAM  have  been  used 
to  examine  a sputter-cleaned  Pt^Sn  alloy  surface  before 
and  after  room  temperature  exposure  to  oxygen  at  10~^ 

The  changes  in  the  composition  of  the  surface  and 
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the  oxidation  states  of  the  surface  tin  and  platinum  were 
investigated . 

The  data  presented  in  this  section  were  taken  using  a 
PHI  Model  570  ESCA/SAM  system.  The  background  pressure  in 
the  vacuum  system  was  about  1 x 10“^°  Torr.  AES  and  SAM 
spectra  were  taken  using  a primary  electron  beam  energy  of 
5 keV  and  a beam  current  of  50  nA  over  a spot  size 
approximately  1 ym  in  diameter.  XPS  spectra  were 
collected  in  the  retarding  mode  with  an  energy  resolution 
of  approximately  0.9  eV  using  Mg  Ka  X-rays.  ISS  spectra 
were  collected  in  the  nonretarding  mode  using  a primary 
beam  of  1 keV  helium  ions  and  a scattering  angle  of  132°. 
The  use  of  a 90°  rotating  aperture  and  a smaller 
scattering  angle  limits  the  mass  resolution  of  the  spectra 
as  can  be  seen  by  comparing  the  spectra  of  this  section 
with  those  of  the  previous  section. 

In  order  to  put  the  sample  into  a clean  and 
well-defined  condition,  it  was  inserted  into  the  vacuum 
system  and  sputtered  with  1 keV  argon  ions  until  the  AES 
signals  for  oxygen  and  carbon  contamination  were  no  longer 
detectable  and  the  Pt/Sn  ratio  reached  a constant  value. 

The  resulting  AES  spectrum  (not  shown)  is  quite  similar  to 
that  shown  in  Figure  3-2(a)  except  the  Pt/Sn  ratio  is 
somewhat  smaller  for  this  sample  since  this  sample  had 
only  been  sputtered  once  resulting  in  a minimal  loss  of 


bulk  tin. 
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Figure  3-5  shows  a secondary  electron  micrograph  of 
the  alloy  surface  after  sputter-cleaning.  The  features 
are  magnified  by  a factor  of  250  in  the  photograph.  The 
notable  features  in  this  photograph  are  A:  grain 
boundaries,  B;  flat  smooth  regions,  C:  rough  regions,  and 
D:  contaminants.  A scanning  Auger  micrograph  of  tin  is 
shown  in  Figure  3-6.  The  surface  concentration  of  tin  is 
greater  in  the  lighter  regions.  From  this  micrograph  it 
can  be  seen  that  the  regions  of  greatest  tin  concentration 
are  those  at  the  grain  boundaries.  The  rough  areas  are 
also  tin  rich  but  not  as  much  so  as  the  grain  boundary 
regions.  Both  ths  smooth  regions  and  the  regions  with 
surface  contamination  have  lower  tin  concentrations.  A 
scanning  Auger  micrograph  of  platinum  (not  shown)  is  just 
the  inverse  of  the  tin  micrograph  indicating  that  the 
— regions  are  platinum  depleted  regions  except 

where  the  visible  contamination  is  present.  Figures  3-5 
and  3-6  show  that  there  is  a definite  correlation  between 
the  geometrical  structure  of  the  surface  and  tin 
concentration.  The  grain  boundaries  have  the  highest  tin 
concentrations,  and  the  tin  concentration  decreases  in 
moving  away  from  a grain  boundary  until  a platinum-rich 
region  is  reached  near  the  center  of  a crystallite.  This 
suggests  that  tin  segregates  to  the  surface  by  diffusion 
at  grain  boundaries  and  then  spreads  out  over  alloy 
crystallites  at  the  surface.  The  thickness  or 
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concentration  of  the  tin  layer  is  greatest  near  grain 
boundaries  and  decreases  toward  the  center  of  the 
crystallites.  Thus,  sputtering  removes  the  tin  located  at 
the  thinner  layers  selectively  which  explains  the  patterns 
seen  in  Figures  3-5  and  3-6. 

Figure  3-7  is  a scanning  Auger  micrograph  of  oxygen 
taken  after  a room— temperature  1000  L oxygen  exposure. 

The  important  point  demonstrated  by  Figure  3-7  is  that 
oxygen  adsorbs  at  tin-rich  regions  and,  therefore, 
particularly  at  grain  boundaries.  The  smooth, 
platinum-rich  regions  show  very  little  oxygen  adsorption. 
The  region  marked  with  a D in  Figure  3-5  had  a high  oxygen 
concentration  even  before  the  oxygen  exposure,  and  its 
carbon  concentration  was  high  both  before  and  after  the 
oxygen  exposure.  The  contaminating  deposits,  therefore, 
contain  both  carbon  and  oxygen,  but  the  presence  of 
hydrogen  cannot  be  ruled  out  in  this  region  or  others. 

One  possibility  is  that  the  contaminated  region  consists 
of  a surface  oxide  which  is  covered  with  the  carbonaceous 
residue  seen  in  Figure  3-5.  Sputtering  would  not  remove 
the  oxide  until  the  carbonaceous  material  is  removed. 

XPS  spectra  taken  before  and  after  the  oxygen 
exposure  are  shown  in  Figures  3-8  and  3-9.  Figure  3-8(a) 
and  (b)  show  the  Pt  4f  and  Sn  3d  peaks  respectively. 

Spectra  A and  B correspond  to  the  sputtered  sample  and 
oxygen  exposed  sample  respectively.  The  Pt  4f 
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Figure  3-6.  Scanning  Auger  micrograph  of  tin 
taken  from  the  same  region  shown 
in  Figure  3-5.  The  light  areas 
correspond  to  tin  rich  regions. 
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a binding  energy  of  70.9  eV  both  before  and  after  the 
oxygen  exposure  which  is  characteristic  of  metallic 
platinum.  No  changes  are  detected  in  the  Pt  features  but 
a subtle  change  is  observed  for  the  Sn  3d  peaks.  The 
binding  energy  of  the  Sn  ^84.65  eV  for  metallic 

tin.  In  the  previous  section,  a binding  energy  of 
approximately  485  eV  was  measured  for  a sputtered  sample. 
This  discrepancy  is  not  completely  understood  but  may  be 
due  to  the  amount  of  Sn  in  the  sample.  The  sample  with 
the  higher  binding  energy  had  been  repeatedly  annealed  and 
sputtered  which  probably  resulted  in  a Sn  deficienct  alloy 
sample.  After  the  oxygen  exposure,  the  Sn  3d  peaks  shift 
by  0.2  to  0.3  eV  to  a higher  binding  energy,  and  the  peaks 
become  more  asymetrical  which  is  indicative  of  partial 
oxidation.  This  is  particularly  noticeable  at  the  high 
binding  energy  portion  of  the  bases  of  the  Sn  peaks  shown 
in  Figure  3-8(b).  The  extent  of  the  Sn  oxidation  is  so 
small  that  identification  of  the  oxidation  state(s)  cannot 
be  made. 

FiSure  3—9  shows  valence— band  XPS  spectra  taken  (a) 
after  sputtering  and  (b)  after  the  exposure  to  oxygen. 
Spectra  were  not  taken  from  pure  tin  and  pure  platinum 
using  this  instrument  so  it  is  not  possible  to  determine 
the  contribution  from  each  of  the  components  to  these 
spectra.  However,  a difference  between  the  two  spectra 
can  be  seen.  Oxygen  exposure  causes  an  increase  in  the 
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emission  from  states  in  the  energy  region  from  2 to  6 eV 
below  the  Fermi  level.  This  may  be  attributed  to  the 
formation  of  tin  oxides  or  could  also  be  the  result  of 
increased  Sn  concentration  in  the  surface  region.  The 
difference  between  the  spectra  shown  in  (a)  and  (b)  is 
small.  This  is  mostly  due  to  the  fact  that  in 
valence— band  XPS  the  photoemitted  valence  electrons  leave 
the  surface  with  very  large  kinetic  energies  (1250  eV)  . 
Thus,  a large  portion  of  the  electrons  originate  from 
layers  beneath  the  surface  which  are  associated  with  the 
bulk  alloy. 

For  comparison  purposes,  valence-band  XPS  was 
performed  on  Pt  metal,  a sputtered  Pt^Sn  sample,  the  alloy 
after  annealing  at  400  °C  for  one  hour  and  Sn  metal. 

These  spectra  are  shown  in  Figure  3-10(a),  (b),  (c)  and 
(d)  respectively.  It  should  be  noted  that  the  data  were 
collected  in  the  vacuum  system  described  in  the  previous 
section  and  spectra  (b)  and  (c)  were  collected  from  the 
tin  deficient  alloy  sample.  The  figure  is  arranged  so 
that  the  Pt  concentration  decreases  from  (a)  to  (d).  The 
spectrum  shown  in  (b)  reveals  primarily  Pt  features  which 
are  apparent  in  (a).  However,  a slight  decrease  in  the 
d e ns i t y — of — s t a t e s is  observed  near  the  Fermi  level  and 
peaks  are  shifted  to  a higher  binding  energy.  An  even 
further  shift  takes  place  on  the  annealed  (Sn  rich)  sample 
as  seen  in  (c).  None  of  these  spectra  show  much 
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Figure  3-10.  Valence-band  XPS  spectra  taken 
from  (a)  Pt  metal,  (b)  a 
sputtered  Pt^Sn  sample,  (c)  the 
alloy  after  annealing  at  400  °C 
for  one  hour  and  (d)  Sn  metal. 
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resemblence  to  the  Sn  metal  valence  band.  The  peak  at 
approximately  7 eV  in  the  metal  is  essentially  nonexistent 
on  either  alloy  surface,  and  no  distinct  peaks  in  the  1-5 
eV  range  are  seen  in  the  Sn  metal.  It  is,  therefore, 
suggested  that  the  valence  electrons  of  the  Sn  are 
involved  in  Pt-Sn  bonding.  Figures  3-9(a)  and  3-10(a)  and 
(b)  are  quite  similar  considering  differences  in  analyzer 
resolution,  possible  Pt-Sn  concentration  differences  and 
different  pretreatments  prior  to  sputtering.  Distinct 
differences  are  still  observed  between  the  clean  alloy 
samples  and  the  oxygen-dosed  sample.  This  provides 
evidence  that  oxygen  adsorption  directly  affects  the 
valence  electrons  of  the  alloy. 

ISS  was  also  performed  on  the  sample  before  and  after 
oxygen  exposure.  The  ISS  results  are  shown  in  Figure 
3-ll(a)  for  the  sputtered  sample  and  in  Figure  3-ll(b)  for 
the  oxygen-exposed  sample.  The  concentration  of  tin  at 
the  surface  is  much  higher  than  shown  in  the  first 
section.  The  most  important  difference  between  the  ISS 
results  presented  earlier  and  this  section  is  the  way  in 
which  the  heights  of  the  Sn  and  Pt  peaks  change  after 
exposure  to  oxygen.  In  this  case  the  height  of  the  Sn 
peak  actually  increases  after  the  oxygen  exposure,  but  the 
Pt  peak  still  decreases  in  size  as  it  did  previously. 

This  reveals  that  diffusion  of  tin  to  the  surface  occurs 
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even  at  an  oxygen  exposure  pressure  of  10  Torr  and  that 
this  tin  Covers  surface  platinum. 

As  discussed  above,  tin  primarily  segregates  from  the 
bulk  to  the  surface  at  grain  boundaries.  Then  it  spreads 
out  over  the  smooth  platinum-rich  regions  and  a small 
fraction  is  oxidized.  Similar  observations  have  been  made 
and  quantified  by  Opila  (26)  in  a SAM  study  of  tin-lead 
alloys.  Then,  even  with  a coverage  effect  by  the  oxygen, 
more  tin  is  observed  with  ISS  at  the  surface  due  to  the 
presence  of  an  increased  amount  of  bulk  tin.  The  decrease 
in  the  Pt  peak  observed  in  ISS  is  due  to  coverage  of  the 
platinum  by  tin  and  not  oxygen.  With  this  understanding 
it  is  possible  to  interpret  the  ISS  results  of  the 
previous  section.  In  that  case  diffusion  of  tin  to  the 
surface,  coverage  of  the  platinum  by  the  tin  and  slight 
oxidation  of  the  tin  all  occurred,  but  on  the  tin-depleted 
sample,  the  amount  of  tin  which  diffuses  to  the  surface 
compensates  for  the  amount  of  tin  which  is  covered  by 
oxygen . 

Oxidation  and  Sn  Surface  Enrichment  by  Air  Exposure 
The  effects  of  air  exposure  were  studied  on  the  Pt^Sn 
alloy.  Angle— resolved  XPS  was  used  to  examine  the 
interaction  between  platinum  and  tin  and  the  nature  of  the 
oxide  layer.  A Perkin-Elmer  PHI  5000  ESCA  system 
employing  a hemispherical  analyzer  was  used  in  this  study. 
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ARXPS  was  performed  by  tilting  the  sample  with  respect  to 
the  analyzer  to  vary  the  emission  angle  of  the  collected 
electrons  between  10°  and  90°  with  respect  to  the  surface 
plane.  Magnesium-Kot  X-rays  were  used  with  a pass  energy 
of  50  eV  for  survey  spectra  and  17.9  eV  for  collection  of 
detailed  spectra.  Ion  sputtering  was  performed  by  using  1 
keV  argon  ions. 

In  a similar  fashion  to  the  previous  sections,  the 
sample  was  sputtered  until  clean  and  a constant  Pt/Sn 
ratio  was  reached.  The  sample  was  then  exposed  to  air  for 
ten  minutes,  reinserted  into  the  vacuum  system,  and 
sputtered  very  lightly  to  remove  some  of  the  carbon 
contamination  which  adsorbed  during  the  air  exposure. 

ARXPS  spectra  taken  at  emission  angles  of  90°,  45°  and  10° 
are  shown  in  parts  (a),  (b),  and  (c)  of  Figure  3-12 
respectively.  For  normal  emission  (Figure  3-12(a))  only  a 
trace  of  oxygen  and  no  carbon  are  observed.  In  going  from 
normal  to  grazing  emission  (parts  (a)  to  (c)),  it  is 
apparent  that  the  Pt/Sn  peak-height  ratio  is  decreasing. 
This  peak-height  ratio  is  shown  in  Figure  3-13  as  a 
function  of  emission  angle.  It  is  clear  that  the 
outermost  several  atomic  layers  contain  Sn  as  well  as 
oxygen  and  carbon  but  little  Pt  due  to  what  appears  to  be 
almost  complete  coverage  of  the  Pt-rich  region  by  Sn 
through  segregation  and  diffusion  caused  by  the  room 
temperature  air  exposure.  The  fact  that  the  sample  was 
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BINDING  ENERGY,  eV 

Figure  3-12.  ARXPS  survey  spectra  taken  at 

emission  angles  of  (a)  90°,  (b) 
45  and  (c)  10  after  exposing 
the  sample  to  air  for  10  minutes 
at  25  °C. 
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given  a mild  sputter  does  not  affect  this  conclusion  since 
sputtering  preferentially  removes  tin  rather  than 
platinum.  Also  the  kinetic  energies  of  the  Pt  4f 
electrons  are  greater  than  the  kinetic  energies  of  the  Sn 
3d  electrons  and,  therefore,  have  a longer  inelastic  mean 
free  path.  This  fact  implies  that  contributions  to  the  Pt 
signal  can  arise  from  greater  depths  than  the  Sn  signal. 
This  is  also  supportive  of  the  conclusion  that  Sn  covers 
the  Pt-rich  region. 

The  surface-sensitive  spectrum  shown  in  Figure 
3~12(c)  is  radically  different  than  the  spectra  shown  in 
Figures  3-12(a)  and  (b)  with  respect  to  the  C and  0 
signals.  This  indicates  that  0 and  C are  present  in 
significant  quantities  at  the  surface  even  though  they  do 
not  as  apparent  in  the  less  surface-sensitive  spectra 
shown  in  parts  (a)  and  (b).  Figure  3—12  provides  an 
example  of  the  insensitivity  of  XPS  to  surface  species 
when  it  is  performed  in  the  normal  or  angle— integrated 
manner  and  also  demonstrates  the  importance  of  using  ARXPS 
for  examining  surface  species. 

Information  about  the  nature  of  the  surface  oxygen 
can  be  gained  by  considering  the  detailed  Pt  4f  and  Sn  3d 
peaks  shown  in  parts  (a)  and  (b)  of  Figure  3-14 
respectively.  The  spectra  labeled  (a)  and  (b)  were  taken 
at  emission  angles  at  10  and  90°  respectively.  The  Pt  4f 
XPS  peaks  shown  in  Figure  3— 14A(b)  corresponding  to  normal 
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Figure  3-14.  Detailed  ARXPS  spectra  of  (A)  Pt 
4f  and  (B)  Sn  3d  peaks  taken  at 
emission  angles  of  (a)  10°  and 
( b ) 90  after  air  exposure. 
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emission  are  characteristic  of  metallic  Pt  with  respect  to 
both  binding  energy  and  peak  shape.  The  peaks  shown  in 
the  surface-sensitive  spectrum  of  Figure  3-14A(a)  are 
essentially  identical  in  shape  and  position  indicating 
that  the  oxygen  at  the  surface  is  not  directly  influencing 
the  platinum.  The  situation  is  quite  different  for  the 
tin  as  shown  in  Figure  3-14B.  The  Sn  3d  peaks  shown  in 
(b)  corresponds  to  normal  emission  are  characteristic  of 
metallic  tin  peaks  with  regard  to  both  shape  and  binding 
energy.  However,  the  surface-sensitive  spectrum  shown  in 
(a)  indicates  that  a significant  amount  of  oxidized  tin  is 
present  by  the  shoulders  appearing  on  the  high  binding 
energy  sides  of  the  metallic  peaks.  No  determination  of 
the  form  of  the  oxide  has  been  made  due  to  difficulties 
discussed  in  Chapter  Two. 

It  can,  therefore,  be  concluded  that  exposure  to  air 
not  only  causes  segregation  of  tin  to  the  surface  but  also 
partially  oxidizes  the  surface  tin  to  an  oxidic  form.  The 
extent  of  oxidation  of  Sn  in  the  alloy  is  greatly  reduced 
compared  to  Sn  metal  in  which  almost  complete  oxidation  of 
the  surface  region  occurs  after  air  exposure  as  shown  in 
Figure  2-5(d).  This  is  obviously  due  to  the  influence  of 
Pt  and  is  consistent  with  the  conclusions  of  Cheung  (24). 
The  fact  that  features  due  to  both  tin  metal  and  tin  oxide 
appear  in  Figure  3-14B(a)  suggests  that  a Sn-rich  region 
probably  lies  just  under  a thin  tin  oxide  layer  and  above 
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Figure  3—15.  Valence— band  ARXPS  spectra  taken 
at  emission  angles  on  (a)  90° 
and  (b)  10  after  air  exposure. 
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the  region  containing  Sn  and  Pt  in  concentration  similar 
to  the  bulk  alloy.  An  additional  means  of  examining  this 
layer  is  provided  by  the  angle-resolved  valence-band 
spectra  shown  in  parts  (a)  and  (b)  of  Figure  3-15 
corresponding  to  emission  angles  of  90°  and  10° 
respectively.  The  normal  emission  spectrum  shown  in  (a) 
is  alloy-like  with  a large  density  of  states  near  the 
Fermi  level  which  is  similar  to  Figure  3-9.  Oxidic 
features  are  not  apparent.  This  is  in  agreement  with  the 
normal-emission  spectra  shown  in  Figure  3-14  parts  (a)  and 
(b).  The  glancing-emission  spectrum  shown  in  Figure 
3-15(b)  has  more  of  an  oxidic  nature  and  is  quite  similar 
to  published  valence-band  spectra  of  oxidized  tin  (3). 

Kinetics  of  Sn  Surface  Enrichment  and  the 
Nature  of  the  Surface  Oxide 

ISS , XPS  and  angle— resolved  AES  were  used  to  examine 
the  kinetics  of  segregation  and  further  study  the 
temperature  effects  of  oxidation  on  a Pt^Sn  alloy.  All 
data  presented  in  this  section  were  taken  using  a PHI 
25-270AR  double-pass  CMA.  Auger  was  performed  in  both  the 
nonretarding  mode  using  lock-in  amplification  and  in  the 
retarding  mode  using  pulse-counting.  An  external  glancing 
electron  gun  was  used  to  collect  all  of  the  Auger  data. 

An g 1 e — r e s o 1 V e d AES  was  performed  using  the  angle— resolving 
aperture  inside  the  CMA.  One  keV  helium  ions  were  used 
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for  ISS  with  a scattering  angle  of  approximately  147°. 

The  sample  was  cleaned  by  argon-ion  sputtering  and 
low-temperature  annealing  in  vacuum.  The  sample  was 
heated  resistively,  and  the  temperature  was  measured  with 
Pt/Pt— 13%  Rh  thermocouples.  Unlike  the  experiments 
described  in  the  first  section,  these  treatments  were  kept 
to  a minimum  to  reduce  the  loss  of  Sn. 

Angle-resolved  AES  spectra  of  a freshly-sputtered 
Pt^Sn  surface  is  shown  in  Figure  3-16.  The  experimental 
set-up  for  spectra  (a)  and  (b)  is  shown  in  Figure  3—17. 

The  dashed  curves  (a)  and  (b)  correspond  to  bulk  and 
surface  sensitive  arrangements  respectively.  A 
significant  enhancement  of  surface  sensitivity  is  achieved 
using  the  configuration  shown  in  Figure  3-17(b).  A 
glancing  angle  is  used  for  both  the  incident  beam  and 
detected  electrons.  This  effect  is  similar  to  the  ARXPS 
results  presented  in  Chapter  Two  with  respect  to  the 
decreased  effective  mean-f ree-path  of  the  emitted 
electrons.  The  use  of  the  glancing  gun,  however,  results 
in  even  further  surface  sensitivity  enhancement  over  ARXPS 
because  X-rays  have  a much  greater  mean-f ree-path  in  a 
solid  than  low  energy  (3  keV)  electrons  with  a small 
incidence  angle.  This  results  in  a shallower  excitation 
depth  in  ARAES  when  compared  with  ARXPS.  This  topic  is 
discussed  more  thoroughly  elsewhere  (27). 


d(NF)/dE  (arb.  units) 
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Figure  3-16,  ARABS  spectra  collected  from  a 

sputtered  alloy  sample.  The  spectra 
were  obtained  with  emitted  electrons 
leaving  the  sample  at  a (a)  normal  and 
(b)  glancing  angle  from  the  surface. 
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Figure  3 17.  The  experimental  ARABS  configuration  is 
shown  using  the  glancing-angle  electron 
gun.  Dashed  curves  (a)  and  (b)  correspond 
to  the  normal  and  glancing  angles 
respectively  selected  using  the  angle 
resolving  aperture. 


76 


Dramatic  differences  are  observed  in  the  spectra 
corresponding  to  bulk  and  surface  sensitive  AES  shown  in 
leisure  3 — 16.  The  two  major  differences  between  these  two 
spectra  are  the  relative  Pt/Sn  peak  heights  and  the  Sn 
Auger  peak  shape.  The  large  differences  in  the  Pt/Sn 
atomic  concentration  ratios  (4.1  versus  0.95)  are 
suprising  in  that  they  both  correspond  to  a sputtered 
surface.  It  was  not  expected  that  the  outermost  surface 
region  would  remain  Sn  rich  (compared  with  the  less 
surface  sensitive  Auger  spectrum)  after  sputtering.  A 
likely  explanation  for  the  enrichment  of  Sn  at  the  surface 
after  sputtering  is  due  to  the  mechanism  of  Gibbsian 
surface  segregation  which  is  driven  by  the  preferential 
sputtering  of  Sn.  The  sputtering  process  forms  a large 
concentration  of  defects  thereby  increasing  the  Sn 
diffusion  rate  to  the  surface  at  low  temperatures. 
Furthermore,  the  bulk  concentration  of  Sn  is  depleted  over 
the  diffusion  distance  to  compensate  for  the  increased  Sn 
sputtering  rate  until  a steady  state  is  reached.  The 
Pt/Sn  ratio  obtained  from  the  bulk-sensitive  AES  spectrum 
also  supports  this  mechanism  since  a Sn-depleted  region  is 
observed  (as  compared  to  the  bulk  alloy  where  Pt/Sn  = 3). 
This  form  of  segregation  has  been  observed  for  the  surface 
segregation  of  As  in  GaAs  (100)  (28).  Further  support  for 
the  surface  enrichment  of  Sn  after  sputtering  is  the  peak 
shape  of  the  Sn  MNN  features.  In  the  more  surface 
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sensitive  spectrum  the  splitting  of  the  doublet  is  more 
completely  resolved.  This  suggests  an  electronic 
structure  similar  to  Sn  metal  as  opposed  to  alloy  tin 
(compare  Figure  2-l(a)  to  any  bulk  sensitive  Auger 
spectrum  in  this  chapter).  Therefore,  this  increased 
amount  of  tin  on  the  surface  results  in  more  Sn-Sn 
bonding. 

It  should  be  noted  that  in  attempting  to  quantify  the 
Pt— Sn  surface  concentration  using  the  low  energy  Pt  peak 
(kinetic  energy  = 64  eV)  several  potential  complications 
are  involved.  This  peak  is  very  sensitive  to  its  chemical 
environment,  is  superimposed  on  a large  secondary  electron 
background  and  may  be  susceptible  to  the  influence  of 
magnetic  fields.  A more  reliable  Pt  Auger  feature  lies  at 
237  eV.  Peak  height  measurement  of  the  Pt-237  and  Pt-64 
Auger  peaks  in  Figure  3-16  reveal  Pt-237/Pt-64  ratios 
equalling  0.078  and  0.136  (uncorrected  for  atomic 
sensitivity  factors)  for  spectrum  (a)  and  (b) 
respectively.  This  represents  a Pt-237/Pt-64  increase  of 
approximately  1.7.  This  could  be  due  to  differences  in 
raean-free-paths  arising  from  the  different  kinetic 
energies  and/or  changes  taking  place  in  the  Pt-64  Auger 
peak  from  the  reasons  stated  above.  Using  the  Pt-237  eV 
peak  for  concentration  measurement  in  this  study  is  very 
difficult,  however,  due  to  the  small  amount  of  Pt  detected 
by  the  surface  sensitive  AES.  This  is  especially  true  on 
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an  annealed  sample  where  the  Pt— 237  peak  is  barely 
visible . 

The  effect  of  annealing  at  200  °C  on  the  Pt-Sn 
concentration  ratios  is  shown  in  Figure  3-18.  Curves  (a) 
and  (b)  correspond  to  bulk  and  surface-sensitive  Auger 
spectra  respectively.  At  time  equal  to  zero,  the  Pt/Sn 
ratio  is  similar  to  the  ratio  obtained  from  the  spectra 
shown  in  Figure  3-16.  After  one  hour  of  annealing,  a 
slight  decrease  in  this  ratio  is  observed  for  the  bulk 
sensitive  spectrum  as  opposed  to  the  surface  sensitive 
spectrum  in  which  a significant  decrease  is  present. 

After  annealing  for  12  hours,  however,  curve  (a)  shows  a 
significant  decrease  in  the  Pt/Sn  ratio  while  little 
change  is  seen  in  curve  (b).  These  results  suggest  that  a 
slow  thickening  of  the  Sn— rich  region  is  occurring.  This 
behavior  cannot  be  explained  by  Sn  segregation  since  the 
force  for  segregation  is  limited  to  the  outermost 
layer.  However,  this  thickening  may  be  explained  by  the 
accumulation  of  Sn  via  grain  boundary  diffusion.  As 
discussed  with  SAM  results,  the  Sn  concentration  decreases 
with  increasing  distance  from  the  grain  boundary.  This 
decrease  can  be  attributed  to  a decreasing  thickness  of 
the  Sn  layer. 

ISS  was  also  used  to  monitor  the  surface  enrichment 
of  tin  in  the  outermost  atomic  layer.  Spectra 
corresponding  to  an  (a)  sputtered  and  (b)  annealed  sample 
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respectively)  plotted  versus  time  while 
sample  temperature  was  maintained  at  200 
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are  shown  in  Figure  3-19.  A dramatic  decrease  in  the  Pt 
signal  is  observed  after  annealing  at  200  °C  for  12  hours. 
A rough  estimate  of  the  Pt/Sn  concentration  ratios  can  be 
made  by  using  an  equation  which  evaluates  differential 
cross  sections  for  elastic  scattering  using  a modified 
Thomas-Fermi  potential  model  to  account  for  electron 
screening  (29).  There  are  factors  that  limit  the  accuracy 
of  this  equation  in  determining  surface  concentrations. 
They  include  a dependency  on  sample  orientation, 
reneutralization  probability  and  surface  coverage  (30). 
Pt/Sn  ratios  of  0.98  and  0.20  were  calculated  for  the 
sputtered  and  annealed  spectra  respectively  by  peak  height 
measurement  and  using  the  correction  term  for  the 
differential  scattering  cross  section  (Pt  = 0.74  Sn). 
Comparing  these  values  with  the  surface  sensitive  ARABS 
reveals  almost  identical  concentration  ratios  for  the 
sputtered  sample  and  a greater  Sn  concentration  for  the 
annealed  sample.  The  results  on  the  annealed  sample 
suggest  that  the  glancing-angle  AES  is  not  quite  as 
surface  sensitive  as  ISS  which  is  expected  since  ISS  is 
essentially  sensitive  to  only  the  outermost  surface  layer. 
The  agreement  seen  for  the  sputtered  sample  is  may  be  the 
result  of  a uniform  concentration  depth  distribution 
throughout  the  detected  region  induced  by  the  ion  beam  or 
surface  roughness  effects.  Reasonable  agreement  with  the 
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Figure  3 19.  He  ISS  spectra  of  Sn  and  Pt  peaks  taken 
la;  after  Argon  ion  sputtering  and  (b) 
after  annealing  at  200  °C. 
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ISS  results  of  Biloen  et  al.  (23)  was  also  achieved  even 
though  2 keV  Ne  ions  were  used  in  that  study. 

ISS  was  also  used  to  examine  the  kinetics  of  Sn 
surface  enrichment.  In  attempting  to  model  these 
kinetics,  several  assumptions  must  be  made.  Firstly,  it 
is  assumed  that  the  concentration  of  Sn  in  the  grain 
boundaries  is  constant  and  that  this  is  the  dominant 
Source  for  Sn  enrichment  (as  compared  to  surface 
segregation  through  the  lattice).  The  Gibbsian 
segregation  discussed  earlier  will  have  already  taken 
place  due  to  the  sputtering  and  is  not  expected  to  affect 
the  further  surface  enrichment  of  Sn.  Secondly,  the 
accumulation  effects  are  neglected.  The  accumulation 
process  is  slower  as  evidenced  by  Figure  3-18  and  ISS  is 
not  sensitive  to  multiple  layers.  Thirdly,  a first  order 
rate  dependence  is  assumed. 

A simple  material  balance  over  the  outermost  surface 
region  yields, 

dC 

— = k (C^  - C),  (3-1) 


where  C is  defined  as  the  Pt/Sn  ratio  and  k is  a rate 
constant.  Surface  diffusion  is  not  included  in  this 
equation  since  data  represent  an  average  over  the  surface. 
Furthermore,  ISS  is  not  sensitive  to  surface  diffusion. 
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The  terra  C - represents  the  change  in  the  surface 
concentration  where  is  defined  as  the  Pt/Sn  ratio  as 
tirae  approaches  infinity. 

Equation  3-1  has  the  solution. 


where  A is  an  integration  constant.  Now  at  t = 0,  C is 
defined  as  (initial  concentration).  Then 


where  represents  the  final  change  in  the  surface 

concentration.  Finally,  by  reinserting  the  Pt/Sn’s  for 
the  C ' s , 


is  obtained.  This  type  of  equation  has  been  used 
previously  to  determine  Sn  surface  enrichment  in  Pt/Pb 
alloys  (27). 

Figure  3-20  shows  Pt/Sn  concentration  ratios  as  a 
function  of  tirae  while  maintaining  the  sample  temperature 
at  200  C.  Also  shown  in  an  expontential  curve  fit 
through  the  data  points.  An  excellent  fit  is  obtained 


C = Cj  - A e“^^^ 


(3-2) 


(3-3) 


(Pt/Sn)^  = (Pt/Sn)^  - (Pt/Sn)^_.e"^’' 


(3-4) 
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using  (Pt/Sn)^  = 0.20,  (Pt/Sn)^_^  = 0.78  and  k = 0.11 
min  The  rate  constant  may  be  expressed  as 


k 


-E/RT 


(3-5) 


assuming  an  Arrhenius  temperature  dependence.  By  plotting 
ln(k)  versus  1/T,  an  estimation  of  E may  be  made.  This 
pint  is  presented  in  Figure  3—21.  The  activation  energy 
represents  the  barrier  encountered  for  the  surface 
diffusion  of  Sn.  Difficulties  in  obtaining  an  accurate 
value  for  E are  due  to  several  factors.  At  high 
temperatures  the  diffusion  of  Sn  is  very  rapid  and  data 
collection  in  the  early  stages  is  difficult  due  to  the 
time  required  to  stabilize  the  temperature  as  well  as  the 
finite  time  it  takes  to  obtain  the  spectra  (approximately 
ten  seconds).  At  low  temperatures,  diffusion  is  slow  and 
the  extent  of  enrichment  is  small.  This  makes  it  somewhat 
difficult  to  determine  when  a steady  state  is  reached.  At 
200  °C  these  factors  balance  out  and  the  best  results  are 
obtained.  The  results,  however,  show  little  deviation 
from  the  predicted  behavior. 

Using  linear  regression,  E is  determined  to  be 
approximately  11.9  kJ/mole  and  kg  is  calculated  to  be  0.24 
min  This  very  low  value  for  E implies  that  the  energy 

barrier  for  surface  diffusion  of  Sn  is  small  when  grain 
boundaries  provide  the  source  for  these  diffusing  species. 
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For  comparison  purposes,  surface  sensitive  AES  was 
performed  under  the  same  conditions  used  for  the  ISS  Sn 
enrichment  kinetics  experiments  shown  in  Figure  3-20. 

These  results  are  plotted  in  Figure  3-22.  In  this  case,  a 
good  exponential  curve  fit  is  obtained  using  (Pt/Sn)^  = 
0.33,  (Pt/Sn)j_^  = 0.61  and  k = 0.24  min  The  reason 

for  the  larger  rate  constant  as  compared  to  the  one 
obtained  with  ISS  may  be  due  to  the  accumulation 
dependence  on  the  Sn  surface  enrichment.  The 
surface-sensitive  AES  probes  to  a greater  depth  than  ISS 
and  may  be  detecting  the  initial  stages  of  thickening  near 
the  grain  boundaries.  If  this  is  the  case,  the 
exponential  fit  through  Figure  3—22  may  not  be  justified, 
and  the  assumptions  made  in  developing  equation  (3-1)  may 
require  further  examination. 

The  depth  distribution  profile  was  examined  by  ion 

sputtering  an  annealed  sample  with  ISS  is  shown  in  Figure 

3-23.  A smooth  continuous  increase  is  observed  in  the 

Pt/Sn  ratio  as  time  progresses.  This  is  suggestive  of  a 

continuous  decreasing  distribution  of  Sn  in  the  Sn  rich 

region  as  opposed  to  a sharp  interface  of  Sn  and  Pt. 

However,  the  sputtering  rate  was  rather  low  (ISS 

2 

conditions:  100  nA/cm  ) and  may  have  been  competing  with 

Sn  segregation  during  the  sputtering  period.  Argon  ion 
sputtering  was  required  to  obtain  the  freshly  sputtered 
surfaces  whose  results  were  presented  earlier. 
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Figure  3-23.  He  ISS  sputtering  depth  profile  using  the  i 
beam  utilized  in  the  ISS  data  collection. 
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Furthermore,  selective  sputtering  of  tin  is  also 
occurring.  As  can  be  seen  in  Figure  3—23  a Pt/Sn  ratio  of 
only  0.68  was  achieved  whereas  ratios  close  to  unity  are 
approached  with  argon  sputtering.  The  estimation  of  a 
meaningful  sputtering  rate  is  difficult  for  these  reasons. 
Furthermore,  the  variation  in  surface  composition  may 
affect  the  sputtering  yields  which  would  further 
complicate  matters. 

The  oxygen  uptake  experiments  as  a function  of 
exposure  temperature  performed  in  the  first  section  were 
repeated  using  ARABS  in  an  effort  to  obtain  more 
information  on  the  nature  of  the  oxygen  exposed  layer. 
Figure  3—24  shows  (a)  bulk  and  (b)  surface  sensitive  AES 
0/Sn  atomic  concentration  ratios  as  a function  of  dosing 
temperature.  As  in  the  first  section,  care  was  taken  to 
ensure  that  the  same  initial  conditions  were  obtained 
prior  to  the  annealing/exposure  treatment.  In  each  case, 
the  sample  was  argon-sputtered  until  no  change  was  seen  in 
the  Pt/Sn  ratios.  Furthermore,  dosing  with  oxygen  was 
delayed  for  15  minutes  after  the  sample  heating  was  begun. 
As  observed  previously,  both  curves  exhibit  a distinct 
maximum  at  approximately  200  °C.  The  0/Sn  ratio  is 
slightly  higher  for  the  surface  sensitive  AES.  At  higher 
temperatures  the  reverse  is  true  where  the  bulk  sensitive 
AES  detects  more  oxygen  relative  to  tin.  It  is  suggested 
that  at  low  terapertaures , the  oxygen  resides  primarily  in 
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the  outermost  surface  region  possibly  as  dissociatively 
adsorbed  oxygen.  The  conditions  at  higher  temperatures 
facilitate  incorporation  of  the  oxygen  into  the  lattice 
thereby  creating  a relatively  oxygen  deficient  surface. 
Pt/Sn  ratios  corresponding  to  temperature  dependent  oxygen 
exposures  in  Figure  3-24  are  shown  in  Figure  3-25.  As 
shown  in  the  first  section,  the  Pt/Sn  ratios  decrease  with 
increasing  exposure  temperature.  The  bulk  sensitive  AES 
shows  a much  larger  decrease  in  Pt  surface  concentration 
compared  to  surface  sensitive  AES.  This  is  expected  since 
the  glancing  angle  AES  shows  that  significantly  less  Pt  is 
present  on  the  surface  to  begin  with.  The  extent  of  Pt 
depletion  is  significantly  larger  in  both  cases  than  when 
the  sample  is  annealed  in  vacuum.  Oxygen  is  obviously 
providing  an  additional  driving  force  for  surface 
enrichment  in  tin  as  demonstrated  previously. 

In  all  of  the  previous  sections,  difficulty  in 
examining  the  nature  of  the  oxygen  on  the  alloy  surface 
was  encountered  when  performing  XPS  on  the  Sn  3d  peaks. 
Using  pulse-counting  to  examine  the  Sn  MNN  Auger  features 
proves  to  be  more  sensitive  to  changes  in  the  chemical 
state  of  the  Sn.  Additionally,  this  N(E)  AES  can  also  be 
performed  in  the  angle— resolved  manner  discussed 
previously.  Figure  3-26  shows  N(E)  Auger  spectra  taken 
after  various  treatments.  The  spectrum  shown  in  (a)  was 
taken  after  annealing  at  200  °C.  These  features  are 
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Figure  3 25,  Pt/Sn  ratios  taken  under  the  same  conditions  as 
in  Figure  3-23. 
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similar  to  those  taken  from  Sn  metal.  The  peak 
identif cations  have  been  discussed  in  detail  in  Chapter 
Two.  No  significant  differences  are  observed  between  the 
bulk  and  surface  sensitive  spectra  for  the  clean  alloy 
sample.  Figure  3-26(b)  shows  N(E)  AES  after  a 1000  L 
exposure  at  25  °C.  The  solid  curve  represents  bulk 
sensitive  AES  and  the  dashed  curve  corresponds  to  the 
surface  sensitive  spectrum.  In  both  cases  oxidation  has 
occurred  to  a small  extent  as  evidenced  by  a slight 
broadening  toward  lower  kinetic  energies  and  loss  of 
resolution  of  the  fine  structure  seen  in  (a).  The  more 
deeply  probing  AES  reveals  more  extensive  oxidation  that 
the  shallow  AES.  However  at  this  temperature,  the  0/Sn 
ratio  for  the  surface  sensitive  configuration  is  larger 
than  that  seen  with  the  bulk  sensitive  AES  as  shown  in 
Figure  3-24.  This  may  be  explained  by  the  presence  of  two 
forms  of  oxygen  present  at  the  surface  after  room 
temperature  exposure.  On  the  outermost  surface  layer,  a 
small  amount  of  surface  oxygen  is  present  which  does  not 
significantly  affect  the  Sn  Auger  features.  Below  this 
region,  however,  the  formation  of  some  type  of  oxide 
occurs  as  evidenced  by  the  slightly  larger  oxide  features 
observed  in  the  bulk  sensitive  AES.  The  spectra  shown  in 
Figure  3-26  (c)  was  taken  after  dosing  the  sample  at 
400  °C.  It  is  apparent  that  significant  oxidation  has 
occurred  in  both  the  surface  and  bulk  sensitive  spectra 
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Figure  3-26.  N(E)  Auger  spectra  taken  after  (a) 
annealing  at  200  °C , (b)  1000  L 0 
exposure  at  25  °C  and  (c)  1000  L 0„  at 
400  C.  The  dashed  curves  in  (b)  and 
(c)  represent  spectra  collected  at  the 
glancing  angle. 
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with  the  bulk  sensitive  spectra  again  showing  slightly 
more  oxidation.  In  this  case,  this  directly  corresponds 
to  the  0/Sn  ratios  observed  in  Figure  3-24.  This 
situation  may  be  interpreted  as  an  absence  of  the  adsorbed 
layer  when  the  sample  is  dosed  at  high  temperatures. 

Examination  of  the  0 Is  XPS  features  provide  direct 
evidence  of  the  nature  of  the  oxygen  present  on  the  alloy 
surface.  Figure  3— 27(a)  shows  the  0 Is  peak  after  oxygen 
exposure  on  Sn  metal.  It  can  be  seen  that  only  one  peak 
is  present.  This  peak  corresponds  to  the  oxidation  state 
of  Sn  discussed  in  Chapter  Two  where  the  formation  of  a 
suboxide  was  proposed.  A 1000  L oxygen  exposure  on  the 
alloy  at  room  temperature  results  in  the  0 Is  feature 
shown  in  Figure  3-27(b).  Even  though  the  overall  size  of 
the  peak  is  greatly  reduced  as  compared  to  Figure  3-27(a), 
two  peaks  are  evident.  The  shoulder  at  the  high  binding 
energy  is  indicative  of  some  form  of  adsorbed  oxygen. 

This  provides  further  evidence  for  the  model  discussed 
above  with  respect  to  the  chemical  state  of  the  oxygen. 

An  oxygen  exposure  at  400  °C  gives  the  0 Is  peak  shown  in 
Figure  3-27(c).  The  peak  shape  is  very  similar  to  the  one 
shown  in  (a).  This  suggests  that  a similar  oxidation 
state  is  present  after  high  tempertaure  oxygen  exposure 
than  that  found  on  Sn  metal.  It  should  be  noted,  however, 
that  the  amount  of  oxygen  present  is  significantly  less 
than  on  Sn  metal  and,  therefore,  oxidation  state 
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BINDING  ENERGY  (eV) 

Figure  3-27.  XPS  0 Is  spectra  taken  after  a 

1000  L 0_  exposure  on  (a)  Sn  metal 
at  25  C (b)  the  Pt„Sn  alloy  at  25 
C and  (c)  the  alloy  at  400  °C. 
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comparisons  with  the  Sn  metal  are  difficult  due  to  the 
small  size  of  the  oxide  features  in  the  Sn  3d  XPS  peaks  or 
the  Sn  MNN  Auger  peaks.  Furthermore,  0 Is  binding 
energies  and  peak  shapes  are  similar  for  various  metal 
oxides . 

The  effect  of  oxygen  dosing  temperature  on  the  oxygen 
concentration  at  the  outermost  surface  layer  was  examined 
with  ISS.  ISS  spectra  corresponding  to  (a)  sputter 
cleaned,  (b)  1000  L 0^  dose  at  25  °C,  (c)  200  °C  and  (d) 
400  C are  shown  in  Figure  3-28.  The  oxygen  peaks  have 
been  magnified  by  a factor  of  10,  but  due  to  their  small 
size,  no  attempt  at  quantification  is  made.  It  can  be 
seen  that  the  spectra  shown  in  (b)  and  (c)  contain 
significantly  more  oxygen  at  the  surface  than  is  present 
in  (d).  Since  the  room  temperature  oxygen  dose  reveals 
more  oxygen  present  at  the  surface  than  the  400  °C  dose, 
it  can  be  concluded  that  the  second  chemical  state  shown 
in  Figure  3-27(b)  resides  on  the  outermost  layer.  This 
also  confirms  the  suggestion  that  the  oxygen  penetrates 
into  the  surface  region  at  higher  tempertures  forming  the 
oxygen  species  observed  in  figure  3-27(c).  This  is 
especially  striking  when  considering  the  small  amount  of 
oxygen  detected  with  AES  at  room  temperature  compared  with 
the  uptakes  at  elevated  temperatures. 
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Figure  3-28. 


ISS  spectra  taken  after  (a)  sputter 
cleaning,  (b)  a 1000  L 0,  dose  at 
25  C,  (c)  200  C and  (dj  4 °C, 

Also  shown  is  the  oxygen  ISS 
feature  expanded  by  a factor  of  10 
tor  each  spectrum. 
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Conclusions 

Surface  enrichment  of  Sn  and  oxidation  on  a Pt^Sn 
alloy  was  studied  using  UHV  surface  characterization 
techniques.  This  enrichment  is  strongly  influenced  by  the 
presence  of  grain  boundaries  and  the  sample  temperature. 

A thin  tin— rich  layer  is  quickly  formed,  and  this  layer 
slowly  thickens  over  an  extended  period  at  200  °C.  This 
thickening  is  due  to  an  accumulation  of  Sn  near  the  grain 
boundaries  which  slowly  spreads  out  over  the  grains.  The 
kinetics  of  surface  enrichment  on  the  outermost  layer 
examined  by  ISS  suggests  surface  diffusion  supplied  by  the 
Sn  in  the  grain  boundaries  is  the  predominant  mechanism. 

An  activation  energy  of  11.9  kJ/mole  for  the  surface 
diffusion  of  Sn  has  been  determined  indicating  that  the 
energy  barrier  is  very  low  for  this  type  of  diffusion. 

Oxygen  was  found  to  enhance  Sn  enrichment  to  the 
surface  even  at  relatively  low  temperatures.  A strong 
dependence  of  dosing  tempertuare  on  oxygen  uptake  was 
observed  with  a maximum  0/Sn  ratio  occurring  at 
approximately  200  °C.  Oxygen  dissociatively  adsorbs  on 
the  surface  and  at  elevated  tempertures  penetrates  into 
the  subsurface  region  forming  an  oxide.  The  oxygen  uptake 
is  greatly  reduced  when  compared  to  Sn  metal  which  is 
probably  due  to  an  electronic  interaction  of  the  Sn  and 
Pt. 


CHAPTER  FOUR 


CHARACTERIZATION  OF  PT-SN/AL2O2 
Introduction 

The  development  of  bimetallic  catalysts  is  a major 
development  in  heterogenous  catalysis.  Alumina-supported 
platinum-tin  catalysts  have  found  wide  application  as 
evidences  by  a number  of  patents  (31—33).  However,  little 
is  known  about  these  catalysts  on  a fundamental  level. 

The  literature  contains  few  characterization  studies  of 
platinum-tin  reforming  catalysts,  and  most  of  the 
published  studies  have  not  used  techniques  which  look  at 
the  surface  directly.  Consequently,  disagreement  exists 
about  the  composition  and  electronic  structure  of  these 
catalytic  surfaces. 

There  is  confusion  regarding  the  reducibility  of  tin 
oxide  supported  on  alumina.  Dautzenberg  et  al.  (34)  have 
concluded  that  the  tin  is  fully  reduced  except  for  the 
first  0.6  wt.  % which  is  chemically  complexed  with  the 
alumina.  Furthermore,  they  conclude  that  the  Pt  and  Sn 
are  in  alloy  form  using  TPR.  Their  conclusions  have  been 
questioned  by  Burch  (35)  who  suggests  that  the  data  are 
consistent  with  tin  being  in  a Sn(II)  state.  This  is  also 
in  agreement  with  the  work  of  Muller  et  al.  (36)  who  used 
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therraogravimetric  and  electron  microdiffraction  methods  to 
conclude  that  all  of  the  tin  is  in  the  divalent  state 
regardless  of  the  Pt  or  Sn  content.  Bacaud  et  al.  (37) 
have  stated  that  although  the  formation  of  Pt-Sn  alloys  is 
believed  to  occur  at  high  metal  loadings,  their  reduction 
data  are  consistent  with  the  formation  of  Sn(II)  on 
alumina  at  low  Pt  loadings.  The  temperature  reduction 
data  of  Burch  (35)  show  that  the  Pt  catalyzes  the 
reduction  of  tin  to  a Sn(II)  state  and  that  no  true  Pt-Sn 
alloys  are  present  but  concluded  that  changes  in  the 
catalytic  properties  were  due  to  electronic  changes  in  the 
Pt  particles  either  by  interaction  with  Sn(II)  ions  or  by 
the  incorporation  of  a small  amount  of  metallic  Sn  into 
the  Pt.  However,  Lieske  and  Volter  (38)  using  TPR  and  H2 
and  O2  adsorption  observed  the  partial  reduction  of  Sn(IV) 
to  Sn(0)  and  concluded  that  it  alloys  with  the  Pt. 

Mossbauer  spectroscopy  studies  have  also  been  made, 
but  interpretation  is  again  ambiguous.  Bacaud  et  al.  (39) 
found  evidence  of  alloy  formation  at  high  metal  loadings 
while  Bernt  et  al.  (40)  found  evidence  of  an  interaction 
between  platinum  and  tin  but  could  not  be  more  specific. 

In  a later  study,  Bacaud  et  al.  (41)  identified  Pt-Sn 
alloys,  Sn(IV)  and  relatively  large  amounts  of  platinum 
which  was  not  alloyed  with  tin.  They  ascribe  a decrease 
in  catalytic  activity  to  the  formation  of  an  alloy.  This 
is  consistent  with  other  reaction  studies  over  Pt-Sn 
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alloys  (42-44).  Kuznetsov  et  al.  (45)  observed  both 
stoichiometric  oxides  and  several  Pt-Sn  alloys  after 
reduction  in  hydrogen  using  Mossbauer  spectroscopy.  They 
also  concluded  that  Cl  ions  and  Sn  interact  strongly  with 
the  support  lattice. 

Adkins  and  Davis  (46)  have  used  XPS  to  determine  the 
oxidation  state  of  Sn  on  Pt(and  Rh)-Sn/Al202  catalysts. 
They  find  that  a majority  of  the  tin  is  in  a valence  state 
higher  than  Sn(0).  They  also  propose  that  the  tin  is 
present  as  an  eggshell  of  tin-aluminate  surrounding  the 
support  with  the  Pt  or  Rh  supported  on  the  tin-aluminate. 

A study  by  Sexton  et  al.  examined  the  oxidation  state  of 
tin  by  XPS  and  TPR  (47).  They  found  that  tin  is  reduced 
to  Sn(0)  on  silica  but  not  on  alumina. 

Several  other  studies  have  focused  on  catalytic 
reactions  over  Pt-Sn/Al202.  Davis  has  studied  the 
ar oma t i z a t i on  of  labeled  n— heptane  in  an  effort  to 
understand  the  mechanism  (48)  as  well  as  the  effect  of  tin 
addition  on  alkane  isomerization  and  dehydrocyclization 
under  reforming  conditions  (49).  Volter  et  al.  (50)  have 
studied  the  dehydrogenation  of  cyclohexane,  the 
dehydrocyclization  of  n— heptane,  the  coke  deposition 
during  the  former  two  reactions  and  the  chemisorption  of 
hydrogen  at  different  reaction  tempertures  and  pressures. 
They  found  that  addition  of  Pb  show  similar  effects  to 
additions  of  Sn.  Numerous  other  hydrocarbon  reactions 
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were  studied  by  Burch  and  Garla  (51),  They  attempt  to 
rationalize  the  results  of  these  studies  in  terras  of  the 
conclusions  of  the  earlier  study  (35)  of  surface 
characteristics.  Coq  and  Figueras  (52,53)  found  that  when 
the  tin  content  is  increased,  hydrogenoly sis  of 
raethylcyclopentane  to  hexanes  and  aromatization  to  benzene 
go  through  a maximum  while  dehydrogenation  to 
methycyclopentanes  remains  roughly  constant.  They  propose 
that  the  presence  of  tin  modified  the  electronic 
properties  of  the  platinum.  Palazov  et  al.  (54)  observed 
that  added  tin  causes  a slight  increase  in  benzene 
adsorption  and  a distinct  decrease  in  ethylene  and 
1-hexene  uptake  whereas  the  hydrogenation  activity  is 
inhibited.  They  also  used  infrared  and  CO  chemisorption 
to  conclude  that  an  electronic  interaction  between  Pt  and 
Sn  is  present.  A recent  study  by  Sarkany  et  al.  (55)  has 
focused  on  the  formation  of  carbonaceous  deposits  on 
Pt— Sn/Al202  catalysts  identifying  three  forms  of  carbon 
surface  species  using  chemisorption  and  temperature 
programmed  oxidation  measurements. 

An  examination  of  the  interaction  of  Pt-Sn  when 
supported  of  AI2O2  is  presented.  These  surfaces  have  been 
characterized  using  AES,  XPS , TPD , and  depth  profiling 
using  argon-ion  sputtering  in  conjunction  with  AES. 

Samples  were  studied  after  oxidation,  reduction  and 
annealing  in  vacuum. 
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Experimental 

Samples  were  prepared  starting  with  high  purity 
aluminum  foil  of  dimensions  8mm  x .025mm,  After 
ultrasonic  solvent  cleaning,  the  foil  was  polished  in  a 
solution  containing  100  ml  of  85  wt.  % orthophosphoric 
acid,  4 ml  of  nitric  acid  and  20  ml  of  distilled  water  for 
four  minutes  at  approximately  80  °C . A film  of  y-alumina 
approximately  3000  angstroms  thick  was  then  formed  on  the 
foil  using  a method  suggested  by  Ruckenstein  and  Malhotra 
(56).  The  foil  was  oxidized  by  anodization  at  200  V in  a 
3 wt,  % tartaric  acid  solution  which  was  pH  adjusted  to 
5,5  with  ammonium  hydroxide.  The  resulting  alumina  is 
amorphous  and  the  thickness  is  a function  of  applied 
voltage.  Finally  a y-alumina  film  was  formed  by  heating 
the  samples  in  air  at  575  °C  for  24  hours. 

Platinum  and  tin  were  deposited  on  the  alumina  using 
a solution  containing  11  mole  % SnCl^  and  2 mole  % 

in  acetone.  Davis  (46)  has  used  a similar 
technique  in  preparing  platinum-tin  bimetallic  reforming 
catalysts.  The  samples  were  impregnated  in  this  solution 
for  one-half  hour  at  room  temperature  and  then  calcined  in 
air  at  450  C for  one  and  one-half  hours.  Some  of  the 
samples  were  analyzed  in  this  form  and  others  were  reduced 
in  flowing  hydrogen  at  500  C and  one  atmosphere  for  one 


hour . 
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The  AES  data  were  taken  using  the  vacuum  system 

described  in  Chapter  Two.  The  background  pressure  was 
_g 

about  1 X 10  Torr.  The  XPS  data  were  taken  using  a 
Kratos  XSAM  800  ESCA  system  with  a hemispherical  energy 
analyzer.  The  TPD  spectra  were  taken  by  heating  the 
sample  while  measuring  the  temperature  with  a thermocouple 
and  simultaneously  monitoring  the  desorbing  species  with  a 
quadrupole  mass  spectrometer. 

Results  and  Discussion 

An  AES  spectrum  taken  from  an  oxidized  sample  is 
shown  in  Figure  4-1.  The  spectrum  shows  that  the  surface 
layer  is  composed  almost  entirely  of  tin  oxide  and 
platinum  but  a small  peak  due  to  aluminum  in  the  form  of 
alumina  is  observed  at  1383  eV.  A semiquantitative 
estimate  of  the  composition  using  standard  methods  (12) 
yields  Al-5-atomic% , Sn-26%,  Pt-34%,  0-32%  and  C-3%. 

These  values  do  vary  by  several  percent  from  one  spot  on 
the  sample  to  another.  The  small  amount  of  alumina 
suggests  that  the  alumina  is  completely  covered  by  the 
Pt-Sn-0  layer  and  is  probably  about  20  angstroms  thick. 
Also  the  contamination  is  low  for  the  oxidized  samples 
consisting  of  small  amounts  of  carbon,  chlorine  and 
calcium.  The  peak  at  19  eV  and  those  above  300  eV 
comprise  a typical  tin  oxide  spectrum,  and  the  peaks 
between  25  eV  and  300  eV  (except  for  the  contaminants) 
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AES  spectrum  of  the  oxidized 
Pt-Sn/Al202  sample. 


Figure  4-1 . 
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characteristic  of  platinum.  It  is  also  possible  that 
structure  due  to  tin  is  appearing  in  the  60  to  80  eV  range 
thus  making  the  platinum  peak  at  1967  eV  the  most  useful 
in  attempts  at  quantification.  The  peaks  at  75  eV  and  188 
eV  are  not  due  to  metallic  platinum.  It  is  possible  that 
they  may  be  due  to  some  form  of  oxide  in  which  the  peaks 
originate  from  interatomic  Auger  transitions  involving 
both  platinum  and  oxygen  energy  levels.  The  position  of 
the  most  prominent  Sn  peaks  at  424  and  431  eV  (rather  than 
430  and  437  eV  for  metallic  tin)  indicate  that  Sn  is 
primarily  an  oxide,  and  good  resolution  of  the  doublet 
indicates  that  little  or  no  metallic  tin  is  present. 

XPS  survey  spectra  of  an  oxidized  and  a reduced 
sample  are  shown  in  Figure  4-2(a)  and  (b)  respectively. 

It  is  obvious  from  Figure  4-2  that  the  reduced  sample 
contains  more  carbon  and  oxygen  than  the  oxidized  sample. 
Other  differences  between  the  two  spectra  appear  in  the 
region  between  50  and  130  eV.  Unfortunately,  the  aluminum 
2p  peak  overlaps  the  platinum  4f  peaks  at  about  75  eV. 

This  can  make  the  determination  of  the  platinum  difficult 
particularly  if  much  aluminum  is  present.  The  amount  of 
aluminum  present  can  be  determined  from  the  area  under  the 
aluminum  2s  peak  at  about  120  eV.  This  peak  is  not 
overlapped  by  other  peaks  and  is  roughly  equal  in  size  to 
the  aluminum  2p  peak.  It  can  be  seen  from  the  heights  of 
the  aluminum  3s  peak  that  the  platinum-tin  oxide  film  is 
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Figure  4-2. 


XPS  survey  spectra  for  (a)  the 
oxidized  sample  and  (b)  the 
reduced  sample. 


no 


greater  for  the  oxidized  sample  than  the  reduced  sample. 
This  is  probably  due  to  film  inhomogeneity  rather  than  the 
reductive  treatment. 

Figure  4-3  shows  XPS  spectra  of  the  Sn  3d  peaks  for 
the  (a)  oxidized  and  (b)  reduced  sample.  As  demonstrated 
in  previous  chapters,  it  is  relatively  easy  to  distinguish 
between  metallic  tin  and  the  oxides  of  tin  using  XPS 
because  the  shift  in  the  tin  3d  peaks  is  about  1.75  eV. 

In  Figure  4-3  the  shape  and  position  of  the  Sn  3d  peaks 
indicate  that  metallic  tin  is  not  present  in  measurable 
quantities  at  the  surface  of  either  the  oxidized  or 
reduced  sample.  Furthermore,  the  binding  energy  of  the  Sn 
3d  ^^2  both  samples  indicates  that  the  Sn  is 

present  as  SnO,  Sn02  or  some  combination  of  these 
oxidation  states.  A broadening  is  observed  in  Figure 
‘^~3(b)  for  the  reduced  sample.  This  appears  to  be  fairly 
symmetrical  and  does  not  appear  to  extend  into  the 
metallic  or  alloy  binding  energy  regions.  One  possibility 
for  this  broadening  is  the  presence  of  a large  amount  of 
contamination  on  this  sample,  some  of  which  may  be  bonded 
to  the  Sn.  Another  is  that  a distribution  of  oxidation 
states  may  be  present  as  discussed  in  Chapter  Two.  Alloy 
formation  on  the  reduced  sample  cannot  be  ruled  out  since 
it  was  exposed  to  air  prior  to  insertion  into  the  vacuum 
system  and  may  have  been  reoxidized. 
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Figure  4-3. 


XPS  spectra  of  the  Sn  3d  peaks 
for  (a)  the  oxidized  sample  and 
(b)  the  reduced  sample. 
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The  oxidation  state  of  the  platinum  is  easier  to 
characterize  relative  to  tin  using  XPS  because  XPS  is 
capable  of  resolving  the  peaks  due  to  various  forms  of 
platinum.  Detailed  spectra  of  the  Pt  4f  peaks  are  shown 
in  Figure  4-4(a)  for  the  oxidized  sample  and  (b)  for  the 
reduced  sample.  The  peak  assignments  of  the  Pt  4f  binding 
energies  were  made  from  a publication  in  which  Pt-O-Sn 
species  were  identified  (57)  and  other  published  results 
(13,58,59).  Spectrum  (a)  shows  that  very  little  metallic 
platinum  is  present  in  either  the  crystallite  or  bulk 
forms.  Similarly,  little  Pt(0H)2  is  present.  Three 
prominent  features  are  present  in  this  spectrum  at  binding 
energies  of  approximately  72.3  eV,  75.0  eV  and  78.0  eV. 

The  72.3  eV  peak  is  almost  entirely  due  to  Pt-O-Sn.  The 
78.0  eV  peak  is  due  to  both  PtO  and  Pt02.  The  PtO  appears 
as  a shoulder  on  the  low  binding  energy  side  of  the  78.0 
eV  peak.  The  A1  2p  level  does  not  contribute 
significantly  to  this  spectrum  as  judged  by  the  size  of 
the  A1  2s  peak  shown  in  Figure  4-2(a).  Therefore,  the 
largest  peak  centered  at  75.0  eV  contains  contributions 
from  PtO,  Pt02  and  Pt-O-Sn.  These  observations  suggest 
that  the  platinum  is  almost  completely  oxidized  in  the 
oxidized  sample  and  that  platinum  is  highly  dispersed 
since  the  contribution  due  to  Pt-O-Sn  is  large. 

The  reduction  in  hydrogen  causes  a dramatic  change  in 
the  oxidation  state  of  the  platinum  as  shown  in  Figure 
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BINDING  ENERGY  (eV) 

Figure  4-4.  XPS  spectra  of  the  Pt  4f  peaks 
for  (a)  the  oxidized  sample  and 
(b)  the  reduced  sample. 
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4-4(b).  In  this  spectrum  Pt(0H)2  is  not  apparent,  and 
very  small  amounts  of  Pt02  and  PtO  appear  at  78.1  and  77.4 
eV . Pt-O-Sn  is  still  present  in  significant  amounts  as 
evidenced  by  the  72.3  eV  peak.  The  peak  at  low  binding 
energies  indicates  that  metallic  platinum  is  predominant 
in  the  reduced  sample.  Both  crystallite  and  bulk  forms 
are  present  indicating  that  sintering  of  platinum  probably 
occurs  during  the  reductive  treatment.  The  metal 
crystallites  are  most  likely  surrounded  by  and  bonded  to 
Pt~0-Sn  species.  The  0.4  eV  larger  binding  energy  for 
platinum  crystallites  with  respect  to  bulk  metallic 
platinum  is  probably  due  to  loss  of  electrons  from  the 
platinum  crystallites  to  the  oxygen  in  the  Pt-O-Sn 
species.  As  the  crystallites  grow  through  sintering,  this 
effect  diminishes  producing  more  bulk-like  Pt.  This 
result  is  important  in  that  it  demonstrates  that  XPS  is  a 
useful  technique  for  studying  sintering  of  platinum 
crystallites.  The  largest  feature  in  this  spectrum 
contains  a significant  contribution  from  A1  2p  electrons 
as  determined  from  the  size  of  the  A1  2s  peak  in  Figure 
4-2(b).  It  also  contains  contributions  from  Pt-O-Sn,  Pt° 
(crystallite)  and  Pt°  (bulk). 

As  mentioned  above.  Figure  4-2  shows  that  the  amount 
of  carbon  and  oxygen  contamination  is  significant  for  the 
reduced  sample.  Detailed  spectra  of  the  0 Is  peaks  for 
the  oxidized  and  reduced  samples  are  shown  in  Figure 
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4-5(a)  and  (b)  respectively.  Information  can  be  gained 
about  the  composition  of  the  oxygen-containing  species 
using  TPD.  The  results  are  shown  in  Figure  4-6(a)  and  (b) 
for  an  oxidized  and  reduced  sample  respectively.  Only 
primary  peaks  at  18  and  28  AMU  are  desorbed.  These  are 
assigned  respectively  as  H2O'''  and  CO"^.  The  fragmentation 
patterns  also  support  this  identification.  It  is 
interesting  that  the  CO  and  H2  desorb  simultaneously  from 
the  oxidized  and  the  reduced  sample,  but  that  the  onset  of 
desorption  occurs  at  a temperature  which  is  50  °C  higher 
for  the  reduced  sample.  Also  the  H20"*"/C0^  ratio  is  much 
greater  for  the  oxidized  sample  than  the  reduced  sample 
while  much  more  water  desorbs  at  lower  temperature  from 
the  oxidized  sample. 

A previous  study  has  shown  that  tin  oxide 
hydroxylates  when  exposed  to  air  (60).  This  hydroxylated 
layer  is  probably  responsible  for  the  large  amounts  of 
desorbing  water  from  the  oxidized  sample.  The  28  AMU  peak 
is  small  because  an  oxidized  sample  contains  little  carbon 
which  is  consistent  with  the  XPS  spectrum  shown  in  Figure 
4-2(a).  The  higher  desorbing  temperature  for  the  reduced 
sample  implies  that  the  H2O  and  CO  are  more  strongly  bound 
at  reduced  sites.  Also  more  CO  is  chemisorbed  on  the 
reduced  sample.  This  is  consistent  with  the  XPS  spectrum 
shown  in  Figure  4-2(a).  It  is  not  clear  why  the  H2O  and 
CO  desorb  at  the  same  temperature  on  each  sample.  One 
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Figure  4-5.  XPS  spectra  of  the  0 Is  peak 

for  (a)  the  oxidized  sample  and 
(b)  the  reduced  sample. 
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Figure  4-6.  TPD  spectra  showing  the  18  and  28  a.ra.u.  peaks 
heights  as  a function  of  temperature  for  (a) 
the  oxidized  and  (b)  the  reduced  sample. 
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possibility  is  that  the  hydrated  layer  incorporates  the 
CO.  When  the  layer  is  decomposed,  both  CO  and  H2O  desorb. 

It  is  now  possible  to  interpret  the  XPS  0 Is  spectra 
shown  in  Figure  4-5.  The  peak  shown  in  (a)  for  the 
oxidized  sample  which  is  primarily  composed  of  oxides  and 
possibly  adsorbed  water.  The  peak  shown  in  (b)  also 
contains  a component  which  is  shifted  to  a higher  binding 
energy  by  about  1 eV  due  to  the  larger  amounts  of  adsorbed 
CO. 

Depth  profiling  using  AES  and  argon-ion  bombardment 
is  capable  of  providing  semiquantitative  information  about 
the  composition  of  the  surface  layer  as  a function  of 
depth  as  shown  in  Figure  4— 7(a)  and  (b)  for  the  oxidized 
and  reduced  sample  respectively.  It  is  important  to 
realize  that  many  artifacts  can  cause  problems  in 
quantifying  depth  profiling  results  including  matrix 
effects,  selective  sputtering  or  knock  in  of  certain 
species,  inability  to  monitor  hydrogen,  charging  effects, 
etc.  For  these  samples  charging  is  not  a problem  in 
profiling  the  platinum-tin  layer  because  it  is  conductive. 
However,  this  technique  does  not  give  the  correct 
stoichiometry  for  alumina  due  to  charging  effects  and/or 
preferential  sputtering  of  the  oxygen.  In  both  (a)  and 
(b)  no  aluminum  is  found  at  the  surface  using  AES,  but  the 
aluminum  Auger  signal  increases  slowly  until  the  tin  and 
platinum  Auger  signals  have  diminished  to  zero.  The 
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Figure  4-7.  AES  sputtering  depth  profiles  for 
(a)  the  oxidized  sample  and  (b) 
the  reduced  sample. 
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gradual  increase  in  the  aluminum  signal  suggests  that  the 
interface  between  the  tin  oxide-platinum  layer  and  the 
alumina  is  not  sharp  but  there  is  a possibility  that  the 
alumina  is  rough  or  possibly  porous.  By  comparing  (a)  and 
(b)  it  is  apparent  that  the  reduction  altered  the 
composition  of  the  tin  oxide-platinum  layer  by  decreasing 
the  concentration  of  lattice  oxygen.  This  is  expected  and 
also  supportive  of  the  suggestion  that  the  additional 
oxygen  seen  in  Figure  4-5(b)  by  XPS  is  due  to  H2O  and  CO 
near  the  surface  which  was  preferentially  sputtered  away 
more  quickly  than  the  oxygen  bound  in  the  lattice  as 
oxides. 


Conclusions 

AES,  XPS,  TPD  and  depth  profiling  were  used  to 
examine  model  alumina  supported  Pt-Sn  catalyst  surfaces 
after  calcination  in  air  and  reduction  in  hydrogen.  AES 
shows  that  a platinum— tin  oxide  film  almost  completely 
covers  the  alumina  support.  XPS  of  the  Pt  4f  peaks 
reveals  an  interaction  between  the  Pt  and  Sn  through  a 
Pt— 0— Sn  bond  which  is  present  in  both  the  oxidized  and 
reduced  samples.  The  rest  of  the  platinum  in  the  oxidized 
sample  is  primarily  PtO  and  Pt02  while  it  is  predominantly 
metallic  on  the  reduced  sample.  A higher  binding  energy 
of  0.4  eV  for  the  Pt  in  crystallite  form  compared  with 
that  for  bulk  platinum  indicates  that  charge  may  have  been 
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shifted  from  the  crystallites  to  the  tin  oxide.  Other 
possibilities  include  size  dependency  on  the  work  function 
of  the  crystallites  or  final  state  effects  which  may 
change  with  crystallite  size. 

TPD  shows  that  both  the  oxidized  and  reduced  sample 
contain  H2O  and  CO  but  in  different  amounts.  Both  species 
desorb  simultaneously  but  at  a higher  temperature  from  the 
reduced  sample,  indicating  a stronger  interaction  of  these 
species  on  the  reduced  sample.  Depth  profiling  shows  a 
lower  lattice  oxygen  content  for  the  reduced  sample,  and 
the  gradual  increase  in  the  alumina  signal  suggests  that 
the  interface  between  the  impregnated  species  and  the 
support  is  not  well  defined. 


CHAPTER  FIVE 


CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

On  tin  metal  an  oxide  has  been  identified  which  does 
not  correspond  to  either  SnO  or  Sn02  with  XPS  following 
low  pressure  oxygen  exposures.  Using  ARXPS,  however,  it 
appears  as  though  a distribution  of  decreasing  oxidation 
state  with  increasing  depth  is  present.  The  oxygen 
penetrates  below  the  outermost  surface  layer  upon  low 
pressure  oxygen  exposures.  A hydroxylated  surface  layer 
is  formed  after  exposure  to  air. 

Further  work  is  required  to  understand  the 
distribution  of  oxygen  and  oxide  in  the  surface  layer. 
Angle-resolved  high  resolution  AES  and  possibly  dynamic 
SIMS  may  prove  useful  in  accomplishing  this.  The  nature 
of  the  oxide  present  in  the  surface  region  is  still  not 
completely  understood.  ARXPS  in  conjunction  with  other 
techniques  as  well  as  using  more  controlled  oxygen 
exposures  will  be  required  to  form  a complete  model  of 
this  layer. 

Many  factors  influence  the  surface  enrichment  of  Sn 
in  a Pt^Sn  alloy.  They  include  temperature,  adsorbing 
gases  and  the  presence  of  grain  boundaries.  An  average 
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activation  energy  for  Sn  diffusion  over  the  surface  for  Sn 
segregation  in  vacuum  of  11.9  kJ/raole  has  been  determined 
for  the  outermost  surface  layer  using  ISS.  The  presence 
of  oxygen  increases  the  Sn  concentration  and  a strong 
dependence  of  oxygen  uptake  on  temperature  occurs. 
Initially  oxygen  adsorbs  at  the  outermost  surface  layer 
and  penetrates  into  the  near  surface  region  forming  a tin 
oxide.  At  high  temperatures,  very  little  oxygen  remains 
on  the  surface.  Much  less  oxygen  is  adsorbed  on  the  alloy 
than  on  Sn  metal  due  to  an  electronic  interaction  of  Sn 
with  the  Pt. 

Much  remains  to  be  done  in  understanding  Sn 
segregation,  surface  diffusion,  and  the  influence  of 
adsorbing  gases  on  the  surface  composition  on  Pt-Sn 
alloys.  Spatially  resolved  kinetic  investigations  using 
SAM  would  provide  a more  complete  picture  of  the  mechanism 
of  Sn  segregation,  diffusion  and  accumulation.  Kinetics 
studies  in  the  presence  of  oxygen  would  yield  an  increased 
understanding  of  the  0-Sn  interaction.  Comparison  to 
similar  studies  on  PtSn  alloys  and  Sn  metal  would  provide 
information  on  the  electronic  interaction  with  the  Pt  in 
the  alloy. 

On  the  Pt-Sn/Al202  model  catalyst  surfaces,  several 
chemical  states  of  Pt  were  observed  including  Pt-O-Sn  and 
Pt  crystallite  species.  Reduction  in  hydrogen  causes 
little  change  in  the  Sn  oxidation  state  but  converts  most 
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of  the  Pt  oxides  into  metal.  Both  oxidized  and  reduced 
samples  contain  H2O  and  CO  which  desorb  at  a higher 
temperature  from  the  reduced  surface. 

Clearly,  the  most  important  direction  of  future 
research  on  these  Sn  containing  surfaces  is  to  relate 
characterization  results  to  chemical  reaction  studies  by 
molecular  beam  techniques  and  high  pressure  reactor 
studies.  Reactions  should  include  CO  oxidation  since  it 
is  relatively  straight  forward  and  high  yields  of  CO2  are 
generally  obtained  on  supported  Pt  crystallites. 
Progression  into  model  hydrocarbon  reforming  reactions 
would  ultimately  provide  the  most  beneficial  information. 
By  examining  the  effects  of  surface  composition, 
pretreatment,  the  nature  of  the  support  and  surface 
acidity  on  reactivity,  a more  complete  understanding  of 
the  catalytic  behavior  will  be  obtained. 


APPENDIX 


ARXPS  DEPTH  PROFILE  CALCULATION  PROCEDURE 
Background 

The  intensity  of  emitted  photoelectrons  having  an  effective  mean 
free  path  of  A(E  )sin5  as  a function  of  6 may  be  estimated  by  the 

A 

equation. 

Ia(^)  “ K^(^)/”N^(z)exp(-z/A(E^)sin^))dz.  (A-1) 

N (z)  is  the  concentration  of  A as  a function  of  depth  and  K (^) 

A A 

represents  a combination  of  factors  such  as  the  incident  X-ray  flux  and 
emission  cross  section  for  species  A. 

Normalizing  I(^)  and  N (z)  and  letting  s=l/sin^  yields 

A 


Ia(s)  = / N^(z)exp(-sz)dz,  (A-2) 

where  I(^)  = I(5)/[ AK  (^) ] , N (z)  = N (Az)  and  z = z/A. 

A A A 

Equation  A-2  can  be  written  as  a Laplace  transform 
Ia(s)  =£[N^(z)].  (A-3) 

After  obtaining  a rough  estimate  of  N (z)  analytically,  a numerical 

A 

approach  to  the  Laplace  transform  is  employed.  After  transformation  of 
variables  to  obtain  a definite  integral  and  subjecting  it  to  a Gaussian 
quadrature  approximation,  the  following  equation  is  obtained  by  letting  s 
take  on  n different  values. 
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Ia(sj)  = N^C-log  Z£)  (A-4) 

i=l 

j =1,  2, . . . n. 

Here,  Wj^  and  are  the  tabulated  values  of  the  weights  and  roots  for  the 
shifted  Legendre  polynomial  of  degree  n.  N (-log  z^)  can  now  be 
calculated  by  inverting  the  matrix  using  the  initial  fit  obtained 
analytically.  An  iterative  procedure  is  then  used  to  improve  upon  the 
initial  results  while  restraining  the  instabilities  that  are  inherent  in 
the  solution  procedure. 
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